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ANNUAL STATUS REPORT FISCAL YEAR 1969 

U,S. Bureau of Mines NASA Program of Multidisciplinary Research 
Leading to Utilization of Extraterrestrial Resources 

July 1, 1969 

Task title: 
Investigator: 
Location : 

Date begun: 

Per s onne 1 : 

Background analysis and coordination 
Thomas C. Atchison, Program Manager 
Twin Cities Mining Research Center 
Minneapolis, Minnesota 
April 1965 To be completed: Continuing 

Thomas 6 ,  Atchison, Supervisory Research Physicist 
Other Bureau personnel, as assigned 

PROGRESS REPORT 

Ob j e c t ive 

The objective of the program is to help provide basic scientific and 
engineering knowledge needed to use extraterrestrial mineral resources 
in support of future space missions. Under this component, background 
and supporting studies and eoordlnating and liaison activities for the 
program are carried out. 

Summarg 

During the year the various research tasks at the seven research cen- 
ters making up the Bureau's extraterrestrial resource utilization pro- 
gram were monitored, We continued to obtain, evaluate, and distribute 
information applicable to the program by literature search and direct 
contact with groups conducting related research. We also continued to 
extract and organize material from Bureau reports to provide periodic 
status reports for NASA and prepared special studies related to the 
program when requested by NASA. 

This spring the third formal review of the Bureau's program was held 
for a panel of NASA scientists and engineers, Continuation of the pro- 
gram into the fifth and sixth contract years was approved by NASA and 
funding was continued at the rate of $300,000 per year. 

Progress During the Year 

Assistance to the experimental work of the program was continued by 
providing technical information and guidance to the task investigators. 
Many of the tasks were completed this year and, in accord with NASA 
recommendations, effort has been increased on the more basic studies 
of material properties and behavior in simulated Lunar environment. 
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E f f o r t s  continued on obtaining,  eva lua t ing ,  and d i s t r i b u t i n g  background 
information of importance t o  the  research  program. Visi ts  were made t o  
the  J e t  Propulsion Laboratory i n  Pasadena, C a l i f . ,  the  Space Sciences 
Laboratory a t  t he  Universi ty  of P i t t sburgh ,  and the C i v i l  Engineering 
Department of Carnegie-Mellon Universi ty ,  a l s o  i n  P i t t sburgh ,  t o  d i s -  
cuss research  on lunar  sur face  problems. T. 6. Atchison, D. E. Fogelson, 
and D. P. Lindroth pa r t i c ipa t ed  i n  a Symposium on Lunar Trans ien ts  held 
a t  t he  Douglas Advanced Research Laborator ies  i n  Huntington Beach, Ca l i f .  
i n  February, and Atchison and Fogelson presented papers summarizing prog- 
r e s s  i n  the Bureau's program a t  a Symposium on the  Chemistry and Physics 
of Lunar Surface Mater ia l s  a t  the  Meta l lurg ica l  Soc ie ty  Spring Meeting 
i n  P i t t sburgh  i n  May, 
t a sks  were presented a t  the  Seventh Annual Meeting of the Working Group 
on E x t r a t e r r e s t r i a l  Resources i n  Denver. D. E .  Fogelson ( subs t i t u t ing  
f o r  To C. Atchison) served a s  ac t ing  chairman of the Subgroup on Mlning 
and Processing a t  the  meeting. 

I n  June de ta i l ed  r e s u l t s  of severa l  research 

D o  E ,  Fogelson and B. L o  Vickers made a t r i p  through Oregon and northern 
Ca l i fo rn ia  i n  October t o  rep len ish  our supply of the 14 simulated lunar  
rocks being used i n  the  Bureau's program. The supply now on hand should 
be adequate f o r  t he  coming year.  Samples were furnished t o  add i t iona l  
ou ts ide  research groups engaged i n  lunar surface s tud ie s ,  including sev- 
e r a l  of t he  inves t iga to r s  concerned with the  retwrned lunar  sample pro- 
gram, A summary of the property da ta  being obtained by the  Bureau on 
the  simulated lunar  rocks i s  given i n  t a b l e  1 f o r  so l id  rock samples 
and i n  t ab le  2 f o r  powdered samples. 

A meeting was held a t  the  Twin C i t i e s  Mining Research Center i n  May t o  
review and eva lua te  progress on the  Bureau's program during the  year-, 
Several  s c i e n t i s t s  and engineers from NASA headquarters and f i e l d  iabor- 
a t o r i e s  served as a review panel.  Members of the research t a sk  teams 
from each of the  Bureau centers  engaged i n  the  program attended and d i s -  
cussed the  r e s u l t s  of t h e i r  s tud ie s .  

A proposal was prepared and submitted t o  NASA f o r  continu%ng the Bureau's 
program i n t o  i t s  f i f t h  and s i x t h  years .  The proposal w a s  accepted and 
funds have been made ava i l ab le  f o r  continuing the  work a t  the $300,000 
l e v e l  during f i s c a l  year 1970. 
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TABLE I. - 1 

Rock type 

Duniteo... ........... 
Gabbro ............... 
Tholeiitic basalt... . 
Granodiorite......... 

Obsidian ............. 
Altered rhyolite a 
Rhyolite ............. 
Vesicular basalt #l. 
Vesicular baslat #2 
Dacfte,.............. 
Vesicular basalt #3 
Semiwelded tuff,.. ... 
Pu~lce.....,......... 

Serpentinite ......... 

Dun~te.,,........,,.. 
Gabbro ............... 
Tholeiitic basalt.... 
Granodiorite ......... 
Serpentinite e ., e a a 

Obsidian ............. 
Altered rhyolite * .  

Rhyolite e e a 

Vesicular basalt #l 
Vesicular basalt # 2 *  
Dacite,. ............. 
Vesicular basalt # 3 .  
Semiwelded tuff e e 

Pumice. .............. 

Dunite..... .......... 
Gabbro ............... 
Tholeiitic basalt .... 
Granodiorite o e  e 

Serpentinite, ........ 
ObsidFan,............ 
Altered rhyolite ..... 
Rhyolite, ............ 
Vesicular basalt 111 .. 
Vesicular basalt #2 
Dacite............... 
Vesicular basalt #3 ,. 
Semiwelded tuff ...... 
Pumice............... 
INot yet measured. 

Bulk 
density 

3.19 
3 .11  
2.84 
2.58 
2.56 
2,39 
2.36 
2.35 
2.25 
2 - 2 2  
1.98 
1.52 
1 - 1 5  

76 
Pulse 
ve 1 oci ty 
(m/sec) 

7 , 500 
7,100 
6,000 
3 , 000 
6 , 000 
5,600 
3 , 300 
4,200 
3,800 
4 , 500 
4,500 
4,800 
2,500 
2 500 
Thermal 
-- 

6 . 2  
3 - 9  
4 , 5  
5.6 
5.3 
4. I 
4.7 
4.5 
3,. 2 
3,6 
3.1 
3.8 
3.3 
4.5 

,p p 8r e n t  
1orosity 
percent) 

L 
<1 

2 
1 
3 
I 
8 
8 

20 
24 
1 9  
46 
50 
6 2  

Toung ' s 
nodulus 

18.7 
16.6 
10,3 
6 . 1  
5.7 
9 .2  
2,6 
2.4 
2.8 
2.5 
2.0 
2 , 7  

. 3  

Perm ab i 1 it y 
(millidarcys) 

<<I 
<1 
<el 
e1 

e1 
e<l 

<<l 
<<l 

Var ie s 
Varies 

4 
Varies 

58 
840 

:ompressive 
strength 

( p s i )  

27,000 

2 1  p 000 

30 000 
53 , 000 

18,000 
65,000 
16 000 
22,000 
10 , 000 

5,500 
6,000 
5,600 

850 
I l ,5(  .5 

Magnetic 
susceptibility 

400 
6 000 
2,000 

Negligible 
6,000 
100 

Negligible 
400 
400 
500 
600 
200 
400 

llensi1e 
strength 

2 , 000 
2,000 
3 , 400 

950 
800 

2 , 200 
1, LOO 
1,200 
1, PO0 

590 
6 20 
810 
100 
240 - 

Dielectric 
constant 

5.0 
15 .4  
l1,I 

5.5 
1 

6 . 3  
4.8 
5 . 1  
6 . 0  
6 .7  
5,O 
4.2 
2.9 
2.3 

Hardness 
(Shore 

7 3  
8 4  
8 4  
87 
68 

103 
59 
99 
81 
67 
35 
80 
10 

5 
II s erength 

zoef f icfent 
(ratio) 

1 . 3 2  
96 

1.91 
0 51 

1,37 
* 53 
0 74 
89 

1.01 
0 75 
0 42 
e 77 
0 10 
08 

Dissipation 
f ae t o r  

0 008 
L) 0811 
0 099 
004 

1 
0 010 
0 017 
003 

0 012 
036 
008 

., 005 
015 

e 008 
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Status of Manuscripts 

Proposal for Continuing Bureau Extraterrestrial Resource Utilization 
Program, by T. C. Atchison, was submitted to NASA in July. 

Bureau of Mines Research on Lunar Resource Utilization, by T. C. Atchi- 
son and C. W e  Schultz, and Simulated Lunar Rocks, by Do E. Fogelson, 
were published in NASA SP-177, pp. 65-74 and 75-95, in December. 

Utilization of Lunar Surface Materials, by T. C. Acehison, and Simulated 
Lunar Surface Materials, by D. E. Fogelson, were presented at a Symposium 
on the Chemistry and Physics of Lunar Surface Materials at the Metallur- 
gical Society Spring Meeting in Pittsburgh in May. 
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ANNUAL STATUS REPORT FISCAL YEAR 1969 

Bureau of Mines NASA Program of Mul t id i sc ip l ina ry  Research 

Task t i t l e :  Chemical r e a c t i v i t y  of f r e s h l y  formed sur faces  
Invest4gator :  C l i f fo rd  W. Schultz ,  P ro jec t  Leader 
Locat ion: 

Date begun: Apr i l  1966 To be completed: September 1969 

Twin C i t i e s  Mining Research Center 
Minneapolis, Minnesota 

Personnel: C l i f fo rd  W. Schultz ,  Meta l lurg is t  
William H, Engelmann, Research ChemLst 

PROGRESS REPORT 

The ob jec t ive  of t h i s  task  i s  t o  def ine  the equi l ibr ium state of mineral 
sur faces  with r e spec t  t o  adsorbed gases. Fur ther ,  it i s  intended t h a t  
e x i s t i n g  adsorpt ion isotherms be clarified i n  the  low pressure end of 
the sca le .  

Summary 

The l e v e l  of e f f o r t  on t h i s  p ro jec t  was reduced t o  1/6 man-year f o r  f i s -  
c a l  year 1969. 

It was found t h a t  the  measurement of the  t o t a l  adsorpt ion isotherm of 
water vapor on quar tz  w a s  impossible with t h e  equipment ava i l ab le .  
r eve r s ib l e  por t ion  of the  adsorpt ion isotherm w i l l  be measured i n  the  
f i r s t  quar te r  of f i s c a l  year 1970 and the  p ro jec t  w i l l  then be terminated, 

The 

Progress During the  Year 

An attempt was made t o  determine the  adsorpt ion isotherm of water vapor 
on quar tz  i n  a dynamic system. I n  t h a t  system, new quartz  surface was 
being crea ted  by gr inding while a cont ro l led  helium - % O  atmosphere was 
passed through the  r eac t ion  vesse l .  The change i n  gas composition was 
ind ica t ive  of the  amount of water being adsorbed. By measuring the  i so-  
therms i n  such a system the  amount of i r r e v e r s i b l y  adsorbed water could 
be measured. This assumes t h a t  an atom, such a s  oxygen o r  a hydroxyl ion,  
which adsorbed a t  a l a t t i c e  termination (Tam s t ace )  would be i n d i s t i n -  
guishable  from t h a t  which w a s  o r i g i n a l l y  the re  and would form a bond as 
s t a b l e  a s  the  o r i g i n a l  and be i r r e v e r s i b l y  adsorbed. Subsequent l aye r s  
o r  f r a c t i o n  thereof  would s t i l l  be r eve r s ib l e .  

A s  w a s  repor ted ,  t h i s  technique proved unsui tab le  because background 
noise  obscured the  sensor output.  A new s t a t i c  system has been assembled 
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and will be used to determine the reversible portion of the isotherm 
before termination of the project. 

Status of Manuscripts 

None scheduled until the experimental work is completed. 
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ANNUAL STATUS REPORT FISCAL YEAR 1969 

Bureau of Mines NASA Program of Multidisciplinary Research 

Task title: Surface properties of rock in lunar environment 
Investigator: Wallace W. Roepke, Project Leader 
Location : 

Date begun: April 1966 To be completed: June 1969 

Twin Cities Mining Research Center 
Minneapolis, Minnesota 

Personnel: William He Engelmann, Research Chemist 
Wallace W. Roepke, Principal Vacuum Specialist 
Kenneth G. Pung, Physical Science Technician 

PROGRESS REPORT 

Ob j e et ive 

The goal of this task is to measure the surface properties of rocks and 
rock forming minerals in a simulated lunar environment. Because fric- 
tion is an important feature of many mining operations, the immediate 
objective is to measure the coefficients of friction of several mineral 
and mineral-metal (tungsten carbide) pairs in ultrahigh vacuum. 

Summary 

This past year's effort has emphasized friction testing and surface 
cleaning. Final development, checking and preliminary testing of the 
friction apparatus has been completed using quartz to establish base- 
line control. 
mechanism to approach an atomically clean surface of quartz. Results 
were reported at the annual meeting of the Working Group on Extrater- 
restrial Resources in June. The studies will be continued as part of 
a new expanded task in the coming fiscal year. 

Work has begun on use of the CO, laser as a cleaning 

Progress During the Year 

Figure 1 shows the laboratory arrangement for the equipment being used 
in this task. The long horizontal tube on the bench to the right is 
the 100-watt COa laser aligned for cleaning the surface of a sample in 
the Ultek ultrahigh vacuum (UHV) chamber. 

Figure 2 shows the window arrangement developed to transmit the 10.6 
micrometer laser beam into the chamber, 
to the Pyrex and the small fillet of epoxy was coated with silicone 
resin providing better UHV compatability than the exposed epoxy. 
the IR beam has a fairly small diameter (1.5 cm maximum) much of the 
Pyrex window area is available for visual or photographic observation 
in the chamber. A paper on the window design has been submitted for 
publica tion e 

The germanium disk was epoxied 

Since 
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FIGURE 2. - IR-Pyrex Window. 
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The f r i c t i o n  apparatus  i t s e l f  i s  shown mounted i n  the  chamber i n  f i g u r e  
3.  The top por t ion  of the d r iv ing  mechanism f o r  t he  sample wheel i s  a t  
the 10 o'clock pos i t i on  on the  back s i d e  of t he  chamber. This mechanism 
allows a v a r i a t i o n  i n  speed from 0-48 t o  4.8 degrees per  minute, produc- 
ing l i n e a r  v e l o c i t i e s  i n  the  range of 0.72 t o  6.9 mm per  minute. A c los-  
e r  view of t he  sample wheel and f r i c t i o n  probe i s  shown i n  f i g u r e  4 .  
Both the sample wheel and f r i c t i o n  probe can be moved from outs ide  the  
UJ3V system by bellows-sealed, r o t a r y  motion feedthroughs. The f r i c t i o n  
probe moves l i n e a r l y  by t r a n s l a t i o n  of the  r o t a r y  motion i n t o  a b a l l -  
screw. This movement allows a spec i f ied  load t o  be appl ied t o  the sam- 
p l e ,  The changing of samples merely r equ i r e s  t h a t  the  f r i c t i o n  probe 
be backed away from the  sample t o  c l e a r  the sample mounting screws, 

A closeup of t he  f r i c t i o n  probe i s  shown i n  f igu re  5. The probe con- 
s is ts  of a 0.053-inch carbide d r i l l  s t e e l  with a hemispherically shaped 
t i p .  The beam mater ia l  and end caps a r e  beryll ium copper with two  f u l l  
s t r a i n  gage br idges mounted on the beams. The upper br idge (Just: below 
the probe) measures t angen t i a l  force  while the  lower bridge measures 
normal load. The s t r a i n  gages a r e  epoxied t o  the  beams using a s  bf t tke  
adhesive a s  poss ib le  so t h a t  it i s  contained only between the  gage and 
the  beam. This exposes a minimum amount of epoxy t o  the vacuum system 
and r e s u l t s  i n  no degradation of performance. 

Preliminary runs with the  60, l a s e r  were f i r s t  conducted i n  the  high 
vacuum system w i t h  a pressure range of 5 x t o r r  to 2 x lo-" t o r r o  
These runs were designed t o  measure the  type and amount of gas produced 
by a s ing le  pulsed l a s e r  i r r a d i a t i o n  of the sur face  of d a c i t e ,  duni te ,  
and b a s a l t  specimens using t h e  quadrupole mass speetrometer,  Also of 
i n t e r e s t  was the e f f e c t  of repeated puls ing on the  same spot.  From 
t h i s  work we found t h a t  the  major specie re leased  was water vapor. Suc- 
cess ive  pulsing d i d  not r e l ease  more than a t r ace  of add i t iona l  water 
from which we i n fe r r ed  t h a t  very l i t t l e  water remained on the  surface 
a f t e r  t he  i n i t i a l  pulse.  Further  work i s  an t ic ipa ted  i n  t h i s  a rea  a t  a 
l a t e r  da te ,  

After  preliminary t e s t i n g  of the  l a s e r  sur face  cleaning technique i n  the  
high vacuum system, the l a s e r  was aligned w i t h  the mineral samples through 
the  germanium window of the UHV system and used i n  the  f r i c t i o n  t e s t ing .  
Tests were conducted under four  environmental conditions:  
UHV uncleaned, d ry  atmosphere, and normal (room) atmosphere. The room 
atmosphere must be considered r e l a t i v e l y  w e t  and contaminated. P r e l i m i -  
nary r e s u l t s  ( f igure  6)  show an increasing c o e f f i c i e n t  of f r i c t i o n  a s  
the environment changes from normal atmosphere through dry  atmosphere t o  
UHV. Surface cleaning of the  samples under light: load (10 g) r e su l t ed  
i n  a marked increase  i n  f r i c t i o n  c o e f f i c i e n t .  

Several  o ther  t a sks  have received s i g n i f i c a n t  support by personnel from 
t h i s  group. These include: UHV lunar d r i l l  experiment, Spokane UHV 
p a r t i c u l a t e  shear  study, thermal spa l l i ng  of rock i n  vacuum, compression 
s tud ie s  i n  UHV of simulated lunar ma te r i a l s ,  and the scanning e l ec t ron  
microscope. This work i s  reported by the p r inc ipa l  i nves t iga to r s  i n  
each of t h e i r  respec t ive  a reas .  

TJdV cleaned, 
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F I G W  3 .  - Friction Test Apparatus Mourned 9n UHV System. 
12  





FIGURE 5. - Enlarged V i e w  of F r i c t i o n  Probe Showing 

14 

Double Bridge Arrangement 



. a  

.6 

.5 

.4 

63 

.2 

.1 

0 UHV eleaned 
0 UHV uncleaned 

0 Dry atmosphere 

Room atmosphere 

I I I I 
10 50 100 15 0 

LOAD, g 

FIGURE 6 .  - Coefficient of Friction for Tungsten-Carbide 
or Unoriented Polycrystalline Quartz. 

15 



Inexpensive Oil Vapor Trap for Use with Rotary Vacuum Pumps, by W. W. 
Roepke and K. G. hng, was published in the International Journal of 
Vacuum in August. 

Mass Spectrometer Studies of Outgassing from Simulated Lunar Materials 
in Ultrahigh Vacuum, by W. W. Roepke and C. W. Schultz, was submitted 
to the Journal of the American Vacuum Society in April. 

Friction Tests in Simulated Lunar Vacuum, by W. W. Roepke, was pre- 
sented as a part of a panel discussion at the Seventh Annual Meeting 
of the Working Group on Extraterrestrial Resources in Denver in June. 

IR-Visible Window Compostte for TJHV, by W. W. Roepke, is being pre- 
pared as a journal article. 
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ANNUAL STATUS REPORT FISCAL YEAR 1969 

Bureau. of Mines NASA Program of Mul t id i sc ip l inary  Research 

Task t i t l e :  Rock f a i l u r e  processes and s t r eng th  and e l a s t i c  
p rope r t i e s  i n  lunar environment 

Inves t iga to r :  Egoas R.  Podnieks, P ro jec t  Leader 
Locat ion: Twin C i t i e s  Mining Research Center 

Minneapolis, Minnesota 
Date begun: June 1966 To be completed: June 1969 

Personnel: Egons R. Podnieks, Supervisory Mechanical Engineer 
Robert J, Willard,  Geologist  
Richard E.  T h i l l ,  Geophysicist 
Peter  G. Chamberlain, Geophysicist 
R o l l i e  6. Rosenquist, Engineering Technician 

PROGRESS RE PORT 

Ob lective 

The ob jec t ive  of t h i s  p r o j e c t  i s  t o  study ehe e f f e c t  of u l t r a h i g h  vac- 
uum on rock deformation and f a i l u r e  processes a t  the macrostructural  
and the  mic ros t ruc tu ra l  l e v e l  and t o  measure rock s t r eng th  and e l a s t i c  
p rope r t i e s  i n  u l t r a h i g h  vacuum environment. 

Summary 

A s  a preliminary s t e p  i n  t e s t i n g  rock i n  u l t r a h i g h  vacuum, anisotropy 
tests were performed on a l l  of t he  simulated lunar rocks i n  a terres- 
t r i a l  environment. Instrumentation of t he  u l t r a h i g h  vacuum chamber f o r  
compression tes ts  w a s  completed and preliminary tests w e r e  run on s e m i -  
welded t u f f .  Microstructural  s t u d i e s  on f r ac tu red  d a c i t e  d i sks  w e r e  
completed. A scanning e l e c t r o n  microscope w a s  purchased and i n s t a l l e d ,  
thus  providing a new and powerful t oo l  f o r  microstructural  s tud ie s ,  Work 
t o  accomplish the  ob jec t ives  of t h i s  t a s k  w i l l  be continued i n  the coming 
f i s c a l  year under a new reorganized task .  

Progress During the  Year 

When considereing the  expected range of e l a s t i c  and s t r eng th  p rope r t i e s  
of rock on the  Moon, the  v a r i a t i o n  of these p rope r t i e s  with d i r e c t i o n  
must be taken i n t o  account. Furthermore, experimental study of the  e f f e c t  
of u l t r a h i g h  vacuum on the  p rope r t i e s  r equ i r e s  a knowledge of t he  an i so t -  
ropy symmetry p a t t e r n  €or o r i en t ing  specimens i n  meaningful and e a s i l y  re- 
producible d i r e c t i o n s ,  and f o r  p red ic t ing  behavior i n  d i r e c t i o n s  other  than 
those i n  which p rope r t i e s  are a c t u a l l y  measured, 
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Spheres of each of the  simulated lunar  rocks w e r e  pulsed with u l t r a son ic  
longi tudina l  waves i n  mul t ip le  d t r e c t i o n s  t o  de te rn ine  anisotropy.  Pulse 
v e l o c i t i e s  and r e l a t i v e  amplitudes were then p lo t t ed  on equal  a r ea  pro- 
j e c t i o n s  and contoured. A s  examples, the  p l o t s  f o r  d a c i t e  and granodi- 
o r i t e  are given i n  f i g u r e  I. 

The r e s u l t s  showed t h a t  a l l  of the  simulated lunar  rocks except obsid- 
i a n  and t h o l e i i t i c  b a s a l t  w e r e  s i g n i f i c a n t l y  an i so t rop ic .  Although the  
amplitude measurements were genera l ly  more s e n s i t i v e  t o  d i f fe rences  i n  
roek f a b r i c  with d i r e c t i o n  than w e r e  the  v e l o c i t y  measurements, both 
showed e s s e n t i a l l y  the  same symmetry pa t t e rn .  This  observat ion suggests 
t h a t  the same s t r u c t u r a l  f a c t o r s  probably cont ro l  both the  amplitude of 
a t ransmit ted s igna l  and the e l a s t i c  wave v e l o c i t y  i n  these  rocks,  

Anisotropy symmetry p a t t e r n s  may be c l a s s i f i e d  according t o  e r y s t a l l o -  
graphic terminology. Figure 2 shows equal  a rea  pro jec t ions  of theore t -  
i c a l  ve loc i ty  sur faces  ca lcu la ted  from e l a s t i c  cons tan ts  f o r  severa l  
c rys t a l log raph ic  symmetry systems. The pa t t e rns  f o r  both d a c i t e  and 
granodior i te  i n  f igu re  E a r e  c l a s s i f i e d  a s  orthorhombic. The high value 
(a), Pow value (%I, and medium value QM) axes located on the  p l o t s  a r e  
valuable  f o r  use i n  o r i en t ing  rock source blocks f o r  o ther  experiments. 

Further  micros t ruc tura l  s tud ie s  r e l a t i n g  pe t ro fab r i c  t o  d i r e c t i o n a l i t y  
of rock p rope r t i e s  a r e  expected t o  provide information on %he f a c t o r s  
con t ro l l i ng  d i r e c t i o n a l  p rope r t t e s  of t h e  simulated lunar mater ia l .  
S imi la r  s tud ie s  i n  pas t  Bureau work have proved q u i t e  suceessful .  

Preparat ions were completed t o  extend compression t e s t i n g  i n t o  u l t r a -  
high vacuum following preliminary t e s t s  performed l a s t  year i n  a medium 
vacuum. Although bas ic  components f o r  these t e s t s  were purchased and 
assembled i n  the  vacuum chamber l a s t  year ,  the  following add i t iona l  f i x -  
t u r e s  w e r e  constructed t h i s  year (see f igu re  3 ) :  

I. S t i f f e n i n g  spr ings designed t o  e l imina te  the  force  on the 
p la tens  due t o  atmospheric pressure.  

2. Rigid guiding apparatus designed t o  prevent l a t e r a l  popout 
of specimens under compressive Loading. 

3 .  Two load e e l l s ,  s u i t a b l e  f o r  use in s ide  the chamber t o  mon- 
i t o r  a x i a l  load applied t o  1- o r  2-inch diameter cores .  

4 ,  Canti lever  beam extensometer, a l s o  s u i t a b l e  f o r  use inside 
the  chamber t o  measure a x i a l  deformation of cores .  

5 a Protec t ive  screening device t o  s h e l t e r  d e l i c a t e  por t ions  
of the  u l t r ah igh  vacuum chamber from rock fragments, 

$8 



Amplitude 

Daci te 

Velocity 

X 

m o d i o r i t e  

x 

FIGURE 1, - Equal Area Polar Projections of Relative 
Amplitude and. Velocity. 

19 



Orthorhombic z = c  Staurolite 

FIGURE 2. - Equal Area Polar Projections of the Velocity 
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FIGURE 3. - Compression Test Fixture for Use in the Vacuum Chamber. 
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Following base l ine  pumpdown to  determine degassing c h a r a c t e r i s t i c s  of 
each of the  three  rock types se lec ted  f o r  i n i t i a l  t e s t i n g ,  severa l  pre- 
l iminary compression t e s t s  w e r e  performed on semiwelded t u f f  specimens. 
The tests were performed i n  the u l t r a h i g h  vacuum chamber a t  atmospheric 
pressure ,  roughed out  vacuum (lF3 t o r r ) ,  and u l t r a h i g h  vacuum (l0-l’ 
t o r r ) .  Degassing of t he  specimen w a s  de tec ted  by a mass spectrometer 
during loading of t h e  rocks i n  the  u l t r a h i g h  vacuum. 
throughout: t he  t e s t ,  and increased r ap id ly  as the  rock was s t r e s sed  be- 
yond t h e  l i n e a r  e l a s t i c  l i m i t .  Sporadic b u r s t s  of d i f f e r e n t  gases were 
de tec ted  during loading along with the  expected o v e r a l l  uniform increase 
i n  the  amount of gas. 

Degassing occurred 

We had planned t o  conduct acous t i c  tests simultaneously with the compres- 
s ion  t e s t s .  However, we postponed the  acous t ic  tests a f t e r  we found t h a t  
the  long column length and numerous i n t e r f a c e s  t raversed by the  acous t ic  
waves adversely a f f ec t ed  the  v a l i d i t y  of measurements, 

Fabric  A n a J U  

A scanning ekectroD microscope (SEMI has been purchased f o r  s tud ie s  of 
the r e l a t i o n  between the  macrostructural  and micros t ruc tura l  behavior of 
rock under var ious environmental and loading regimes. The SEM permits 
examination of n a t u r a l  microcracks and pores and induced f r a c t u r e  surfaces  
on a sca l e  unavai lable  with a standard l i g h t  microscope, Detailed study 
of these  f ea tu res  i s  expected t o  provide information on the f a c t o r s  go$- 
erning the  gross  behavior of rock on %he Moon and the  r e l a t i o n s h i p  between 
these f a c t o r s  and f a c t o r s  governing rock behavior i n  e a r t h  environment. 

The SEM, purchased and i n s t a l l e d  during the fou r th  qua r t e r ,  has been suc- 
c e s s f u l l y  checked out  while observing sur faces  of severa l  rock types used 
ex tens ive ly  i n  Bureau research (see f igu re  4 ) ,  Techniques f o r  applyti-g 
the SEM t o  rock mechanics research  were developed during demonstrations 
provided by var ious SEM manufacturers before  our u n i t  was purchased, Gold 
coa t ings  f o r  the specimens were appl ied i n  the  vacuum f a c i l i t i e s  of t2-e 
Chemically A s s i s t e d  Fragmentation Laboratory. 

Fabr ic  ana lys i s  of point-loaded d a c i t e  d i sks  reported l a s t  year w a s  ca r -  
r i e d  over i n t o  t h i s  year ,  The addikional  s t u d i e s  showed tha t  Lhe volume 
of rock between pores i s  f i l l e d  with microcracks, presumably providing 
paths  allowing moisture t o  corrode and weaken s t ruc turaE bonds when water 
i s  present  wi th in  the  specimen. Since vacuum e f f e c t s  on compressive prop- 
e r t i e s  of rock may be due t o  increased moisture removal, the  r e s u l t s  of 
these  s tud ie s  and the  environmental s tud ie s  a r e  i n t e g r a l l y  r e l a t ed  t o  the  
problem of pred ic t ing  p rope r t i e s  of rock a s  they occur on the  Moon. Re- 
s u l t s  of the  micros t ruc tura l  s tudy a r e  scheduled f o r  publ ica t ion  i n  FY 
1970. 
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FIGURE 4 .  - Twin C i t i e s  Mining Research Center Scanning 
Electron Mieroseope Ins t a lPa t ion ,  
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Environmental Effects on Rock Properties, by E ,  R. Podnieks, P. G. 
Chamberlain, and R,  E. Thill, has been submitted f o r  publication in 
the Proceedings of the Tenth Symposium on Rock Mechanics held at the 
University of Texas in May 1968, 

Elastic Symmetry and Attenuation Variations for Fourteen Simulated 
Lunar Rocks, by T. R. Bur and K. E. Hjelmstad, Is being prepared as 
a journal article. 
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PROGMSS REPORT 

Objective 

The objec t ive  of t h i s  task i s  t o  inves t iga t e  the f e a s i b i l i t y  of  extend- 
ing thermal fragmentation s tud ie s  t o  lunar  vacuum environment. 

Summary 

Inves t iga t ions  during t h i s  f i s c a l  year evinced the f e a s i b i l i t y  of study- 
ing thermal fragmentation i n  vacuum environment. The experimental stud- 
ies of thermal fragmentation i n  vacuum were ca r r i ed  out w i t h  t h e  help of 
inc ident  hea t  energy from the  CO, l a s e r  source. Additional t h e o r e t i c a l  
and experimental inves t iga t ions  t o  evaluate  the s u s c e p t i b i l i t y  of simu- 
l a t ed  lunar rocks t o  the process of thermal fragmentation i n  vacuum were 
ca r r i ed  out.  

Fa i lu re  of rocks by thermal energy was broadly grouped i n t o  &wo main 
c l a s ses :  (1) fragmentation by thermal s t r e s s e s  and (2)  d i s fn t eg ra t ion  
by melting. The main parameters governing the f a i l u r e  by thermal 
s t r e s s e s  and thermal melting were evaluated. Experimental determina- 
t i ons  of the e f f e c t  of vacuum on thermal sof tening and thermal expansion 
c h a r a c t e r i s t i c s  of sfmulated lunar rocks w e r e  ca r r i ed  out ,  'New experi-  
mental techniques t o  measure the  e f f e c t  of vacuum on thermal expansion 
of rocks with s t r a i n  gages were formulated, 

The r e s u l t s  of the study ind ica t e  t h a t  the  vacuum environment does no& 
have adverse e f f e c t s  on fragmentation of rocks by induced thermal 
s t r e s s e s ,  and rock d i s in t eg ra t ion  by melting appears p a r t i c u l a r l y  favor- 
ab le  i n  vacuum environment. Inves t iga t ion  
niques i n  u l t r ah igh  vacuum w i l l  be ca r r i ed  
next f i s c a l  year.  

of thermal- fragmentation tech- 
out  under a new task  beginning 
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Basic s t u d i e s  pe r t a in ing  t o  the  fragmentation of rocks by thermal s t r e s s e s  
ind ica t e  the  dependence of such f a i l u r e  on thermal sof tening and thermal 
expansion p rope r t i e s  of rocks.  F a i l u r e  induced by thermal stresses f o r  
increments of sur face  temperature i s  l i m i t e d  by t h e  temperature a t  which 
the  rocks softsen and r e l i e v e  thermal s t r e s s e s .  For surface temperatures 
above t h i s  kfmit,  the  rock behaves as a f u l l y  i n e l a s t i c  ma te r i a l  and i s  
incapable of thermal s t r e s s  formation. Experimental determinations of 
the e f f e c t  of vacuum up t o  lo-' t o r r  on the  thermal sof ten ing  behavior i n  
rocks were ca r r i ed  out  on granodior i te ,  Dresser b a s a l t ,  and obsidian in 
the  vacuum shock furnace,  The experimental d e t a i l s  and the r e su l t s  have 
been reported i n  previous q u a r t e r l y  r epor t s .  The study showed t h a t  ther -  
mal sof tening l i m i t s  i n  rocks a r e  not s i g n i f i c a n t l y  a f f ec t ed  by vacuum 
environment 

Experimental measurements of the  e f f e c t  of vacuum on the thermal expan- 
s ion  behavior of rocks were necessary.  
s i o n  measurement with high temperature s t r a i n  gages was developed, The 
tesiks w e r e  conducted on pr ismatic  rock specimens 1 /2 -  by 1 / 2 -  by 1-inch 
long. The compensating gages were bonded t o  an i d e n t i c a l  specimen of 
fused quar tz ,  The a c t i v e  and compensating elements were connected i n  a 
ha l f  br idge c i r c u i t  and placed i n  a vacuum furnace.  The ceramic insu la ted  
leads  were passed through holes  d r i l l e d  i n  the quarkz window and sealed 
with vacuum proof epoxy. A comparative measurement of t he  l i n e a r  expan- 
s ion  of the  t e s t  rock as  a func t ion  of temperature was achieved, The tem- 
pera ture  was measured a t  the  sur face  of the rock specimen and was increased 
a t  a programmed r a t e  of 5' G/min, The s t r a i n  versus  temperature readout 
was conkinuously p lo t t ed  on an X-Y recorder .  Figure l shows an example of 
placement of t e s t  specimens i n  the vacuum furnace.  Pigeere 2 shows an ex- 
ample of r e s u l t s  obtained using a sample of obsidian i n  N2 atmosphere and 
vacuum condi t ions up t o  10"" t o r r .  
thermal expansion of rocks i s  no t  adversely a f f ec t ed  by vacuum environ- 
ment ., 

A new technique of thermal expan- 

The r e s u l t s  show i n  general  t h a t  ehe 

Thermal fragmentation e f f e c t s  i n  pr ismatic  specimens 1- by I- by 2-inch 
long were t e s t ed  i n  a vacuum chamber f o r  a continuous inc ident  energy a t  
150 x 10". w/m2 The unfocused l a s e r  beam was passed through a germanium 
window i n t o  the vacuum chamber and focused by concave mir rors  placed with- 
i n  the  chamber. Fa i lu re  of the  specimen by thermal s t r e s s e s  was observed 
both i n  atmosphere and i n  vacuum condi t ions up t o  lo-" t o r r ,  
r epor t  on the  experiments and r e s u l t s  i s  being prepared, 

A de ta i l ed  

Increasing surface temperature above the  l i m i t  of thermal sof tening,  
the  absence of rock f a i l u r e  by thermal stresses, r e s u l t s  i n  me1,ting. The 
melting of rock sur face  by inc ident  hea t  f l u x  prevents continuous expo 
of f r e e  face and forms an in su la t ing  layer .  Removal of m e l t  soon a f t e r  
i t s  formation poses t echn ica l  problems. 
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FIGURE 1. - Test Setup for Linear Expansion Measurements 
in Vacuum Shock Furnace. 
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I n  vacuum condi t ions up t o  10”‘ t o r r ,  a continuous s e l f - e j e c t i o n  of the 
melt  and exposure of f r e e  rock face to inc ident  hea t  f l u x  was noticed i n  
b a s a l t i c  type of rocks ( t h o l e i i t i c  b a s a l t  and Dresser b a s a l t ) .  Figure 3 
shows an example of comparative r e s u l t s  of rock d i s i n t e g r a t i o n  by m e l t -  
ing i n  Dresser b a s a l t  under atmospheric and vacuum condi t ions.  The power 
dens i ty  of t he  inc ident  focused l a s e r  beam was 250 x lo4 w/n?. The spec- 
imen width shown i n  the f igu re  i s  1 inch. The e j e c t i o n  of the m e l t  i n  
vacuum as  observed i n  f igu re  3 may be due t o  evaporation of contained 
gases o r  moisture o r  due to t he  vigorous a g i t a t i o n  produced i n  the m e l t  
cavern by the  vaporizing mater ia l  e j e c t i n g  the melted rock off  the wal ls  
i n  the cavern. This expulsion of the melt and progression of c r a t e r  con- 
tinued a s  long a s  s u f f i c i e n t  energy was ava i l ab le .  

These r e s u l t s  show t h a t  the  study of thermal fragmentation i n  vacuum en- 
vironment i s  f e a s i b l e .  Vacuum environment does no t  have adverse e f f e c t s  
on fragmentation of lunar rocks by induced thermal stresses. Rock d i s -  
i n t eg ra t ion  by melting appears p a r t i c u l a r l y  favorable i n  vacuum environ- 
ment 

S ta tus  of Manuscripts 

E f fec t  of Vacuum on Thermal Fragmentation of Rocks, by K.  Tfiirumalai and 
S. G. Demou, i s  under preparat ion a s  a journal  a r t i c l e .  
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PROGRESS REPORT 

Ob .-i ec t ive 

of this work is to extend current studies of the effect of 
temperature on thermophysical properties of rocks at atmospheric pressure 
to cover the lunar temperature range 

Summarx 

Work during the year dealt with the completion of the thermal expansion 
measurements and the adoption and.development of a new method for meas- 
uring the thermal properties, conductivity, diffusivity, and heat capac- 
ity. The investigation of thermophysical properties will be extended to 
ultrahigh vacuum as a part of a new task beginning next fiscal year. 

Progress During the Year 

Early in the year the flash method was adopted for measuring thermal dif- 
fusivity. Measurements were performed on Sioux Quartzite using a 100-watt 
GOa laser as the heat source and microminiature grid thermocouples as the 
detectors. Similar measurements were made later on AlaO, disks. When 
compared with literature values the two sets of measurements showed sig- 
nificant scattering and were therefore unacceptable. We found the source 
of scatter to be mainly poor thermal contact between the thermocouples and 
the specimens. We then made a decision to abandon the use of thermocouples 
and introduce remote sensing techniques to obtain the temperature history 
at the rear face of the specimen. 

Arrangementstwere made to obtain a radiometer which will be used to remote- 
ly measure the rear surface temperature history. The radiometer will cover 
a temperature range from -20Q to +3,200° C and will be used for the deter- 
mination of thermal diffusivity at elevated temperatures, The instrument 
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i s  expected t o  a r r i v e  i n  the f i r s t  qua r t e r  of FY 1970, and d i f f u s i v i t y  
work w i l l  continue a t  t h a t  t i m e .  

The f i r s t  phase of t he  study o 
lunar  rocks has ended a S 

graphs. Figure 1 shows P' 
duc t iv i ty ,  s p e c i f i c  hea t ,  and d i  
a t  atmospheric pressure and r o  
o rde r  of decreasing dens i ty .  
s p e c i f i c  heat  da ta  was obtained from the  l i t e r a t u r e  and thus represents  
a range of rocks categorized under the type names r a the r  than rock from 
the  s p e c i f i c  s i tes  se lec ted  fo r  the Bureau's simulated lunar  rocks,  The 
thermal d i f f u s i v i t y  was computed from values  of conduct ivi ty ,  s p e c i f i c  
h e a t ,  and densi ty .  The c o e f f i c i e n t  of expansion daka represent  values 
measured on our own s p e c i f i c  rocks,  averaged over the range from 37' t o  
69' 6 .  

Because d i f f u s i v i t y  i s  proport ional  t o  thermal conduct ivi ty ,  thermal 
d i f f u s i v i t y  w i l l  be smaller a t  lower pressures .  A t  t h e  same time con- 
duce iv i ty  i s  dependent upon the  mineral  composition, c r y s t a l  orienua- 
t i o n ,  the  degree and s i z e  of microcracks i n  the  ma te r i a l ,  temperature, 
and i n  the more porous rocks,  the f l u i d  f i l l i n g  the  pores ,  Thus, be- 
cause of dependence on these wide ranging va r i ab le s ,  both conduct ivi ty  
and d i f f u s i v i t y  may vary considerably f o r  the same general  rock t y p e ,  
In the  denser rock types,  f o r  example. conduct ivi ty  tends t o  decrease 
with increas ing  temperature. A l so  i n  the  porous rocks conduct ivi ty  i s  
lower a t  lower pressure.  

Spec i f i c  heat  i s  dependent on the chemical or  mineralogical composition 
of the  specimen and i t s  temperature. Since most minerals have a value 
fo r  s p e c i f i c  hea t  between 0.18 and 0.20 c a l / g  OC, and s ince  rock i s  an 
aggregate of minerals ,  the range of s p e c i f i c  heat  f o r  a p a r t i c u l a r  rock 
type w i l l  be small a s  seen i n  f i g u r e  1. The t o t a l  range of s p e c i f i c  heat  
f o r  the  d i f f e r e n t  rock types (excluding s e r p e n t i n i t e )  i s  a l s o  f a i r l y  small ,  
Se rpen t in i t e  has a higher range of values fo r  s p e c i f i c  heat  than the other  
rock types mainly because of i t s  higher moisture content .  The average wa- 
ter content  f o r  s e r p e n t i n i t e  i s  1 2  percent a s  compared t o  the other  rock 
types which range up t o  only 3 percent i n  water content .  

Figure 2 shows the  percent expansion range f o r  the  14 simulated lunar 
rocks a s  a func t ion  of temperature from 136O K t o  420' KO Table 1 shows 
the  percent  expansion measurements on which f i g u r e  2 i s  based. These a r e  
preliminary da ta  covering a shor t  temperature range and a more complete 
set w i l l  be presented i n  a forthcoming journa l  a r t i c l e ,  
pansion of the simulated l u  r rock types ranges from -0.080 t o  90,120 
percent over the  temperatur span indicated with the  reference poin t  a t  
room temperature. I n  the f i n a l  r epor t  the  temperature range w i l l  extend 
t o  1,200' K and curves showing the  dynamic c o e f f i c i e n t  of thermal expan- 
s ion  w i l l  be presented. 

The thermal ex- 

of the  remeasured d i s s i p a t i o n  f a c t o r  da ta  f o r  the  14 simulated 
types has s t a r t e d .  Here, again,  o ther  p r i o r i t y  needs have pre- 
completion. However, a t  the  reques t  of Jane de Wys, formerly 
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of the  Jet  Propulsion Laboratory, Pasadena, C a l i f , ,  d i e l e c t r i c  cons tan t  
and apparent d e n s i t y  measurements were made on f i n e  p a r t i c l e  samples of 
gabbro, flow b a s a l t ,  and ves i cu la r  b a s a l t  #le These measurements are 
of i n t e r e s t  i n  connection with simulated footpad magnet experiments. 
The experimental  r e s u l t s  a r e  being compared with Surveyor V,  V I ,  and 
VI1 lunar  landing r e s u l t s .  
s i t y  measurements were then expanded t o  include f i n e  p a r t i c l e  samples 
of the  r e s t  of the 14 simulated lunar  rocks.  The measurements were made 
a t  a frequency of 30 MHz a t  room temperature and a r e l a t i v e  humidity 
range of 25 t o  33 percent ,  
s i p a t i o n  f a c t o r  s t u d i e s  w i l l  be summarized i n  a manuscript. 

These d i e l e c t r i c  cons tan t  and apparent den- 

De ta i l s  of the  d i e l e c t r i c  constaht  and d i s -  

S t a t u s  of Manuscripts 

D i e l e c t r i c  Constants and Diss ipa t ion  Fac tors  f o r  Fourteen Rock Types 
Between 20 and 100 Megahertz, by R. E .  G r i f f i n ,  i s  under prepara t ion  
as a journa l  a r t i c l e .  

Thermal Expansion Measurements of Simulated Lunar Rocks, by R. E .  G r i f f i n  
and S. G .  Demou, i s  under prepara t ion  a s  a j ou rna l  a r t i c l e .  
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PROGRESS REPORT 

Ob j ec t ive  

The objec t ive  i s  t o  study the bas ic  problems of p a r t i c l e  adhesion, hea t  
removal, and b i t  l ub r i ca t ion  associated with d r i l l i n g  i n  a lunar envi- 
ronment 

Summary 

During f i s c a l  year 1969, the work associated with hea t  removal and b i t  
l ub r i ca t ion  has been held i n  abeyance so maximum funding and personnel 
e f f o r t  could be d i rec ted  toward the study of the  e f f e c t  of vacuum par- 
t i c l e  adhesion on a mechanical cuttings-removal system. Completion of 
the u l t r ah igh  vacuum t e s t s  and any fu r the r  work on bas ic  d r i l l i n g  prob- 
lems w i l l  be ca r r i ed  out a s  p a r t  of a new consolidated surface proper- 
t i e s  task  beginning next f i s c a l  year.  

r ing  the Year 

The f i r s t  two qua r t e r s  of f i s c a l  year 1969 w e r e  devoted t o  f e a s i b i l i t y  
study and engineering design of the vacuum d r i l l i n g  apparatus.  Construc- 
t i o n  began during the t h i r d  qua r t e r ,  and a t  the  t i m e  of chis wr i t ing  the  
apparatus  i s  about 90 percent  complete ( f igu re  1). 

Previous experiments i n  vacuum chambers have demonstrated the  tendency 
of rock p a r t i c l e s  t o  adhere t o  metal surfaces  i n  u l t r ah igh  vacuum. The 
technica l  r epor t ,  "Ultrahigh Vacuum Adhesion of Comminuted Basal t  Rock 
Metals," by Selheimer and Johnson, r epor t s  an adhesive force  between 
b a s a l t  p a r t i c l e s  and s t a i n l e s s  steel on the  order  of 100 t o  150 dynes 
per square cent imeter .  The r e p o r t  a t t r i b u t e s  t h i s  cohesive force t o  
s t a t i c  a t t r a c t i o n  and Van der Walls' fo rces ,  the l a t t e r  having the  pre- 
dominant e f f e c t .  The r epor t  a l s o  i n f e r s  t ha t  'lo s o i l  t o  s o i l  cohe- 
s ive  forces  a r e  g rea t e r  than adhesive fo rces  between metals and s o i l s  

e This suggests t h a t  t he  primary obs tac le  t o  mechanical cu t t i ngs  
removal i n  vacuum w i l l  be the  agglomeration of the cu t t i ngs ,  r a t h e r  than 
adhesion between cu t t i ngs  and d r i l l  rod. 
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FIGURE 1. - Ultrahigh Vacuum Drtll Apparatus Mounted on Test Bench. 
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Although vacuum d r i l l i n g  tests have been cozfducted by o the r s  i n  the  
p a s t ,  these experiments were i n  a pressure range of 1 x lo"? t o r r  o r  
higher .  The experiment designed during the  year i s  intended t o  accom- 
p l i s h  f o r  the  f i r s t  t i m e  d r i l l i n g  i n  u l t r a h i g h  vacuum. A comparison 
of d r i l l i n g  torque between d r i l l i n g  i n  atmosphere and i n  u l t r ah igh  
vacuum w i l l  determine the  ex ten t  of vacuum adhesion. This w i l l  be ac- 
complished by means of an e x t e r n a l l y  mounted torque sensor.  A supple- 
mentary comparison w i l l  be made by high-speed movies taken while d r i l l -  
ing both i n  atmosphere and u l t r a h i g h  vacuum. A mass spectrometer w i l l  
be used t o  record p a r t i a l  pressures  of gases emitted during d r i l l i n g ,  

S t a tus  of Manuscripts 

Developing a Lunar D r i l l :  A 1969 S ta tus  Report ,  by R. L. Schmidt, 
was presented a s  a p a r t  of a panel d i scuss ion  a t  the  Seventh Annual 
Meeting of the Working Group on E x t r a t e r r e s t r i a l  Resources i n  Denver 
i n  June e 
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PROGRESS REPORT 

Objective 

The t a s k  ob jec t ive  i s  the acqu i s i t i on  of bas i c  knowledge leading t o  the  
so lu t ion  of p o t e n t i a l  problems involved i n  the  use of chemical high ex- 
p los ives  i n  the lunar  environment, s p e c i f i c a l l y :  (I) the  s t a b i l i t y  of 
explosives  and explosive devices  i n  the lunar  environment; (2)  the prob- 
lem of exposure of explosives  and explosive devices t o  (micro)meteoroid 
impact; and (3 )  t he  propagation c h a r a c t e r i s t i c s  of the  b l a s t  wave (prod- 
u c t s  cloud) i n  the  lunar  atmosphere. 

Summary 

During f i s c a l  year 1969 preliminary s t u d i e s  of explosive i n i t i a t i o n  by 
s m a l l ,  high v e l o c i t y  p a r t i c l e s  were completed, but  extension of the ex- 
periments t o  higher v e l o c i t i e s  w a s  deferred t o  enable concentrat ion on 
b l a s t  wave s tudies .  Techniques were developed and experiments ca r r i ed  
out  with small charges i n  expendable g l a s s  chambers a t  pressures  a s  low 
a s  lo"? torr., 
s ca l e  s tud ie s .  Work on t h i s  t a s k  w i l l  continue next f i s c a l  year with 
Richard W. Watson assuming the  r o l e  of p r inc ipa l  i nves t iga to r .  

Progress w a s  made i n  developing a f a c i l i t y  f o r  large-  

Progress During the  Fourth Quarter 

Emphasis was placed on obtaining measurements of the pressures  developed 
by the  expanding products cloud from s o l i d  explosives  detonated i n  vac- 
uum. The i n i t i a l  work i n  t h i s  a rea  was conducted with 1.0-inch diameter 
spheres of RDX detonated by an exploding br idge wire. However, e l e c t r i e -  
a1 noise  from the  i n i t i a t i o n  system led t o  ambiguities i n  the  in t e rp re t a -  
t i o n  of the  pressure  gage Fecords. 
bridge-wire c i r c u i t  r e su l t ed  i n  e r ra t ic .  i n i t i a t i o n .  For these  reasons 

The use of lower vol tage i n  the  
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a new charge design w a s  se lec ted  f o r  f u r t h e r  experimentation. The cur- 
r e n t  charge cons i s t s  of a 2.0-inch diameter sphere of Composition B in- 
i t i a t e d  by a 112-inch diameter by 1/2-inch long t e t r y l  p e l l e t  placed 
near t he  cen te r  of the sphere.  The t e t r y l  is detonated with e i t h e r  a 
m i l i t a r y  type,  M-36, or  a conventional No. 6 e l e c t r i c  detonator .  Pram- 
ing camera photographs of t h i s  type of charge detonated i n  a i r  showed 
t h a t  the  products expansion envelope was reasonably spher ica l .  

I n  order  t o  ga in  confidence i n  the r e l i a b i l i t y  of the pressure  measure- 
ments, a number of f i r i n g s  were conducted i n  a i r  f o r  the  purpose of 
measuring a i r  shock pressures  a t  var ious d i s t ances  from the  Composition 
B sphere. The r e s i s t a n c e  gage, u t i l i z i n g  the  normal gage c i r cu i t , ’  
proved unsa t i s f ac to ry  a t  d i s tances  g rea t e r  than about 4.0 em from the  
per iphery of the charge; t h i s  was due t o  the  f a c t  t h a t  the s igna l - to-  
no ise  r a t i o  approached u n i t y  a t  g rea t e r  d i s tances .  I n  view of t h i s  an 
attempt was made t o  use a commercial p i ezoe lec t r i c  gage whieh has a 
considerably g rea t e r  output than the  r e s i s t a n c e  gage f o r  a given pres- 
sure  l e v e l .  Although widely varying r e s u l t s  were obtained with the new 
gage, due t o  s i g n a l  overshoo$ and gage r ing ing ,  the  gage s igna l  d i d  have 
a very sho r t  r i s e  t i m e ,  making it use fu l  f o r  t ime-of-arr ival  measurements 
a t  r e l a t i v e l y  l a rge  d is tances  from the  charge. Since accurate  shock ve l -  
o c i t y  measurements can be used t o  compute the  shock pressure i n  a i r ,  a 
c a l i b r a t i o n  f o r  the  2.0-inch diameter Composition B sphere was es tab l i shed  
using two gages with a f ixed  spacing of 10 em placed a t  d i s tances  from 10 
t o  100 em from the  charge. Resis tance gages were employed i n  the  same 
fashion a t  sho r t e r  d i s tances ;  the r e s i s t a n c e  gages had a f ixed  spacing of 
5.0 cm. The da ta  from t h i s  s e r i e s  of t r i a l s  a r e  presented i n  t a b l e  1 i n  
terms of the measured shock v e l o c i t y  (averaged over the gage-spacing in-  
t e r v a l ) ,  the  Mach number and the ca lcu la ted  values  of shock overpressure 
and r e f l e c t e d  shock overpressure.  Having obtained these  da t a  the  r e s i s t -  
ance gage w a s  r eca l ib ra t ed  using a modified gage c i r c u i t  employing a 
higher operat ing vol tage (20.0 v o l t s )  and a l a rge r  cur ren t  viewing r e -  
s i s t o r  (- 470 0) than are normally used. This r e s u l t s  i n  a s u b s t a n t i a l  
increase  i n  the  s i g n a l  output and permits the gage to  be used a t  d i s -  
tances  g rea t e r  than 30 em from the  charge which i s  more than the  maximum 
dis tance  ava i l ab le  i n  our present  high vacuum t e s t  chamber. The da ta  
from the  r e s i s t i v e  gage c a l i b r a t i o n  a r e  a l s o  presented i n  t a b l e  1 i n  
t e r m s  of the  r a t i o  of the  gage r e s i s t ance  under dynamic load t o  t h e  s t a t -  
i c  gage r e s i s t ance .  

A few preliminary f i r i n g s  have been conducted a t  2.0 x lo’= t o r r  with 
r e s i s t a n c e  gages spaced a t  2.5, 5.0, 7.5, and 10.0 em, measured from the  
per iphery of the  charge. The i n i t i a l  r e s u l t s  lead t o  the  t e n t a t i v e  con- 
c lus ions  t h a t  the  peak s tagnat ion  pressure i n  vacuum i s  roughly one-half 
t h a t  of t he  r e f l e c t e d  shock pressure  i n  a i r  a t  t he  same d i s t ance  from 
the  charge.  I n  addi t ion ,  the pressure  rise i s  gradual ,  taking about 5.0 
psec t o  reach peak, a t  the  d i s t ance  employed. 
increase  with increasing d is tances  from the  charge according t o  expeeta- 
t i ons .  Work i n  t h i s  a r ea  i s  being continued, 

The r i s e  time appears t o  

1 
S c i e n t i f i c  Instruments,  v. 38, No,  7,  Ju ly  1967, pp. 978-980. 
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TABLE I. - 
2a0-inch diameter Composition B sphere 

Di stance 
(em) 

5.0 

7 .5  

10.0 

15 .0  

20,o 

25,O 

30.0 

35.0 

45.0 

55 .0  

65,O 

75.0 

85.0 

95.0 

NOTES. - Dist 

US 
(m/sec) 

5 280 

4,770 

4,190 

3 290 

2 580 

2,123 

1,810 

1,480 

1,201. 

935 

8 08 

693 

66 5 

6 15 

ce measured 

M 

15 35 

13.87 

12.18 

9.56 

7.50 

6 ,17  

5.26 

4.30 

3.49 

2.71 

2,35 

2.01 

1.93 

1.79 

rom per 

PS 
( p s i )  

4,023 

3,282 

2,527 

1 ,550 

947 

6 36 

457 

300 

1 9 1  

109 

77 

52 

47 

38 

31,619 

25 , 518 

19 ,521 

11 ,671 

6 ,805 

4,468 

3 263 

1,852 

1 ,055 

492 

300 

16 3 

139 

98 

hery of charge. 
Us = shock velocity. 
M = shock Mach number. 
Ps = shock overpressure. 
P, = reflected shock overpressure. 

RP/Ro = dynamic/static gage resistance ratio. 

0 587 

784  

.877 

921 

0 954 

.967 

976 

- 
- 
- 
- 
- 
0 

- 
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PROGRESS REPORT 

Ob j ec t ive  

The primary ob jec t ive  i s  t o  determine bas i c  physical  p roper t ies  which 
may inf luence the  handling and t r anspor t a t ion  of f i n e  p a r t i c l e s  i n  a 
lunar  environment, a s  an extension of cu r ren t  s tud ie s  of f i n e  p a r t i c l e  
behavior i n  mine b a c k f i l l  appl ica t ions .  In te rgranular  s t a t i c  and dy- 
namic c o e f f i c i e n t  of f r i c t i o n  and energy l o s s  w i l l  be measured. Flow 
r a t e s  and shear s t r eng th  a t  var ious s t a t e s  of p a r t i c l e  packing and a t  
var ious p a r t i c l e  s i z e s  w i l l  be determined and co r re l a t ed  with f r i c t i m  
and energy l o s s  proper t ies .  This work w i l l  i n i t i a l l y  be performed ern- 
der condi t ions of normal e a r t h  atmosphere, bu t  w i l l  be extended t o  in-  
clude se lec ted  tests i n  u l t r ah igh  vacuum. The work w i l l  be co r re l a t ed  
with the  study of e l e c t r o s t a t i c  proper t ies  of granular  p a r t i c l e s  being 
conducted a t  College Park and the study of f r i c t i o n a l  p rope r t i e s  of 
mineral  sur faces  being conducted a t  Minneapolis. 

Major accomplishments during the  year included completion of the crush- 
ing and s i z i n g  c i r c u i t  f o r  producing uncontaminated f i n e  p a r t i c l e  sam- 
p l e s  of simulated lunar  ma te r i a l s  and design of t he  vane shear t e s t i n g  
device f o r  studying f i n e  p a r t i c l e  behavior i n  u l t r a h i g h  vacuum, Moder- 
a t e  vacuum experiments were conducted t o  study gross  flow cha rac t e r i s -  
t i c s  of simulated lunar  b a s a l t  and t h e o r e t i c a l  ana lys i s  of the  f r i c -  
t i o n a l  behavior of f i n e  p a r t i c l e s  was continued. Work under t h i s  t a sk  
w i l l  continue next year with emphasis on the u l t r a h i g h  vacuum s tud ie s  
of f i n e  p a r t i c l e  ma te r i a l  i n  cooperation with the  Twfn C i t i e s  Mining 
Research Center. 
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Improvements i n  the  layout of the crushing and gr inding c i r c u i t  were 
completed during the  year.  The rdortec a i r  c l a s s i f i e r  has  been l ined  
with tungsten 5arbide t o  reduce contamination and a high-speed tach- 
ometer has been i n s t a l l e d  on the  impact m i l l  t o  con t ro l  the  e f f e c t s  
of feed r a t e  on the  m i l l  operat ing speed, Fine powder samples of 14 
simulated lunar rocks were provided f o r  s eve ra l  NASA con t r ac to r s  during 
the  year,  including the  J e t  Propulsion Laboratory, North American Rock- 
wel l ,  General Dynamics, and the  U.S. Geological Survey, 

A moderate vacuum experiment was performed a t  Spokane t o  determine the  
gross  flow behavior of our simulated lunar  b a s a l t  powder, A small 
g l a s s  vacuum vesse l  was blown f o r  t h i s  t e s t .  A flask-shaped powder 
conta iner  was at tached through a r e s t r i c t e d  o r i f i c e  t o  a long tubular  
chamber. An evacuation po r t  with a movable g l a s s  swivel f i t t i n g ,  a 
thermocouple vacuum gage, and a cold t r ap  were at tached t o  the  vacuum 
l i n e .  Thermal tape was wrapped around the conta iner  ves se l  durfng 
bakeout, Our simulated lunar  b a s a l t  powder usua l ly  has a no-flow char- 
a c t e r i s t i c  through the  o r i f i c e  a t  normal atmospheric condi t ions ,  Under 
l i g h t  evacuation t o  the  1 t o r r  range, the  ma te r i a l  became f r e e  flowing, 
Af te r  extended bakeout a t  about 150" C and tumbling the  powder i n  the  
tube and f l a s k ,  the pressure was s t a b i l i z e d  a t  about I micron and the  
ma te r i a l  again became nonflowing, 

These gross  flow p rope r t i e s  along with r e s u l t s  from f r i c t i o n a l  t e s t s  
done by o ther  i nves t iga to r s  i nd ica t e  t h a t  s tud ie s  of lunar  adhesion w i l l  
need t o  be done under r e a l i s t i c  vacuum condi t ions,  The da ta  can be in-  
t e rp re t ed  t o  ind ica t e  t h a t  under normal atmosphere absorbed water layers  
a r e  increas ing  the  f r i c t i o n  o r  c rea t ing  sur face  tens ion  e f f e c t s  i n  the 
ma te r i a l  c r ea t ing  a no-flow condi t ion.  During intermediate  bakeout and 
evacuat ion s t ages  s u f f i c i e n t  water l aye r s  have been removed from the 
p a r t i c l e  sur faces  t o  reduce the  sur face  tens ion  e f f e c t s  and the ma te r i a l  
becomes f r e e  flowing. After  extended bakeout and evacuation the  contam- 
i n a t i o n  i s  reduced s u f f i c i e n t l y  t o  s ta r t  increasing the  f r i c t i o n  and co- 
hesion of Ehe ma te r i a l  toward what we might expect i n  the  lunar environ- 
ment. These r e s u l t s  i nd ica t e  there  should be some thought given t o  u t i l -  
i z a t i o n  of moist powder samples t o  simulate lunar adhesion e f f e c t s  by 
s u b s t i t u t i o n  of sur face  tens ion  e f f e c t s  of absorbed water l aye r s .  

A small t o r s ion  o r  vane shear tes t  apparatus  has been designed during the 
p a s t  year t o  be u t i l i z e d  i n  the Twin C i t i e s  Mining Research Center u l t r a -  
high vacuum system by attachment t o  the  lunar  d r i l l  feedthrough mechanism. 
A view of t he  modified tester i s  shown i n  f i g u r e  1. This  torsFonal  testerg 
having i n f i n i t e  shear  s t r a i n  o r  r o t a t i o n ,  w i l l  al low us  t o  test  repea ted ly  
a powder sample i n  a vacuum under many condi t ions  of consol idat ion and 
normal load t o  determine the  so-cal led "e f f ec t ive  angle of i n t e r n a l  f r f c -  
t ion" and the unconfined y i e ld  s t rengths  of the  powder, 

Considerable t h e o r e t i c a l  study was performed during the  year on Mohr- 
Coulomb f a i l u r e  c r i t e r i a  and Duffy-Mindlin theory as appl ied t o  low stress 
condi t ions  and cohesion of lunar  powdered ma te r i a l .  W e  f e e l  t h a t  some 
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s p e c i a l  form of the  general  Mohr-Coulomb f a i l u r e  theory w i l l  be required 
t o  c o r r e c t l y  def ine  the  f a i l u r e  envelope of a granular  mater ia l  i n  the 
lunar environment. I n  standard Coulomb theory,  a pure f r i c t i o n a l  mate- 
r i a l  i s  represented by the formula: 

T = Q t an  i 

where the shear s t r eng th ,  T,  i s  r e l a t e d  t o  the  appl ied stress, Q, 

through the  f r i c t i o n  angle ,  @. 

Another form of the Coulomb equat ion t r e a t i n g  both f r i c t i o n a l  qnd cohe- 
s ion  e f f e c t s  i s :  

T = c 4- f (Q) 

The e f f e c t  of volume change during rthe shear process i n  t h i s  equat ion 
i s  included i n  the  f r i c t i o n a l  t e r m ,  f (0 ) .  The cohesion, c ,  i s  constant  
f o r  a given mater ia l .  However, we feel  t h a t  the  cohesion developed i n  
the vacuum condi t ions on the lunar  sur face  w i l l  not be cons tan t ,  but  
w i l l  a l s o  need ' to  be t r ea t ed  a s  a func t ion  of applied'  stress. 
would have a shear equat ion of the  following form: 

Thus, we 

where g i s  the expression f o r  cohesion a s  func t ion  of applied stress and 
f is the standard f r i c t i o n a l  funct ion.  I n  e f f e c t ,  we a r e  s e t t i n g  a con- 
d i t i o n  of work hardening i n  a lunar  s o i l  ma te r i a l  when compressed under 
any type of load. 

An example of def in ing  a ma te r i a l  with these  f a i l u r e  c h a r a c t e r i s t t c s  
can be shown on a standard Mohr f a i l u r e  p l o t .  The lunar powder t o  be 
represented i n  the p l o t  i s  assumed t o  have an angle of i n t e r n a l  f r i c t i o n  
of 45". Normal loads a r e  appl ied i n  1 p s i  increments t o  6 p s i .  Both 
the cohesion in t e rcep t  on the shear a x i s  and the  t e n s i l e  s t rength  of the 
powder a r e  equal f o r  the  assumed 45" envelope shape, It i s  assumed t h a t  
f o r  every 1 p s i  increase i n  the  normal stress, the cohesion or  t e n s i l e  
s t r eng th  w i l l  increase a t  a l i n e a r  r a t e  of 0.3 p s i .  Assuming we a r e  per- 
forming a d i rec t  shear t e s t  on t h i s  ma te r i a l ,  w e  would develop a r e l a t i o n -  
sh ip  from the  method of Mohr which would ind ica t e  a ma te r i a l  with zero co- 
hesion a t  t he  o r i g i n  and an "e f f ec t ive  angle of i n t e r n a l  f r i c t i o n "  of 
51-112'. 

Another ploitting method which we proposed i n  the  t h i r d  quar te r  progress 
r e p o r t  i s  t h e  compound stress concept,  where the t e n s i l e  s t r eng th  can 
be p lo t t ed  a s  an add i t ive  s t r e s s  t o  the appl ied normal stress. This 
p l o t t i n g  method would show the  compound stress f a i l u r e  p l o t  and ind ica t e  
the  c o r r e c t  angle of f r i c t i o n  of 45' fo r  the  mater ia l .  

S t a tus  of Manuscripts 

Progress Report on Lunar Fine P a r t i c l e  Pro jec t ,  by David E. Nicholson, 
was submitted a s  an informal w r i t t e n  r epor t  t o  t he  NASA Review Panel 
a t  t he  Twin C i t i e s  Mining Research Cen&er i n  May. 
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PROGRESS REPORT 

Objective 

The ob jec t ive  i s  t o  advance ground support technology i n  areas having 
both t e r r e s t r i a l  and e x t r a t e r r e s t r i a l  app l i ca t ion .  
conducted on ground support materials which have p o t e n t i a l  €or  u t i l i -  
za t ion  both on the  Ear th  and the Moon. 

Research w i l l  be 

Summary 

Excel lent  r e s u l t s  were obtained i n  the  development of a su l fu r -basa l t  
aggregate grout having an average unconfined compressive s t r eng th  of 
8,000 p s i .  An a d d i t i v e  w a s  found t h a t  expanded the  grout enough t o  
compensate f o r  the shrinkage of  the s u l f u r .  Unconfined compressive 
s t r eng ths  of the expanded grouts  were about 5,000 p s i .  

An a n a l y s i s  of the  problem of sublimation of s u l f u r  i n  a vacuum was 
c a r r i e d  out .  P ro tec t ive  coat ings would be required except a t  low 
temperatures. 
agent and a nonsublimating coating. 
t o  have the  desired c h a r a c t e r i s t i c s .  

Some research w a s  done on sodium s i l i c a t e  as a bonding 
Sodium s i l i ca t e  did not  a p p e a r  

A laboratory model of a machine €or de l ive r ing  su l fu r -basa l t  aggregate 
grout  i n t o  void spaces w a s  designing f ab r i ca t ed ,  and t e s t ed .  Reasonable 
success w a s  a t t a ined .  

A r e p o r t  descr ibing the su l fu r -basa l t  concrete development work i s  near- 
l y  ready f o r  publ icat ion.  A summary of the p a s t  work and cu r ren t  ideas  
on underground lunar shelters r e s u l t i n g  from t h i s  t a sk  i s  being assembled 
as a b a s i s  f o r  ppssible  resumption of the work a t  some appropriate  t i m e  
i n  the fu ture .  



Progress During the Year 

Inves t iga t ion  of s u l f u r - b a s a l t  aggregates using combinations of coarse 
and f i n e  g r a i n  s i z e s  w a s  completed, Manufactured samples  of b a s a l t  ag- 
gregate  gradat ions,  w i t h  s e l ec t ed  average g ra in  s i z e s  and c o e f f i c i e n t s  
of uniformity,  did no t  produce compressive s t r e n g t h s  exceeding those 
a l r eady  obtained (10,700 p s i )  from n a t u r a l  grades of crushed b a s a l t .  
Increased emphasis on smaller par t ic les  that  could be used as a grout 
yielded exce l l en t  r e s u l t s ,  A s e r i e s  of experiments on combinations of 
f i n e  b a s a l t  p a r t i c l e s  w i t h  s u l f u r  were made. The unconfined compres- 
sive s t r eng ths  averaged around 8,000 p s i .  I n  add i t ion ,  a n  expansive 
a d d i t i v e  w a s  found f o r  the grout. .  I n  experimenting w i t h  a number of 
hydrocarbons and oxidizing agents ,  i t  w a s  found t h a t  some forms of hy- 
drocarbons would r e a c t  w i t h  the  s u l f u r  a t  e levated temperatures forming 
hydrogen s u l f i d e  gas which expanded the grout .  The grout expanded 
enough t o  o f f s e t  the  shrinkage of the s u l f u r .  The unconfined compres- 
sive s t r eng ths  of the  expanded grouts were about 5,000 p s i .  

A number of experiments were made w i t h  sodium s i l i c a t e  plus a d d i t i v e s  
as a bonding agent and by i t s e l f  as a s e a l a n t ,  A s  a bonding agent i t  
did no t  cement the p a r t i c l e s  together W e l l  enough to  develop any reason- 
a b l e  s t r eng ths .  A s  a s ea l ing  agent i t  w a s  no t  s t a b l e  a t  room tempera- 
t u r e s ,  Sodium s i l i c a t e  i s  deliquescent and s e n s i t i v e  to  the  changes 
of moisture i n  the a i r ,  Depending on the moisture content i n  the a i r ,  
the  s i l i ca t e  e i t h e r  absorbed moisture and turned wet on the surface o r  
dr ied out and cracked. 

I n  the study of other  ma te r i a l s  f o r  use as supports,  p las t ics  were ex- 
amined. Some p l a s t i c s  degrade quickly i n  a space environment because 
of r a d i a t i o n  and evaporation e f f e c t s .  Others,  such as phenolic l a m i -  
na t e s ,  epoxy laminates, polyester  laminates, and polyurethane a p p e a r  
s t a b l e .  They could possibly f u r n i s h  the bonding and s e a l i n g  q u a l i t i e s  
needed f o r  an underground lunar  s h e l t e r ,  I f  time had been a v a i l a b l e  
experimental work would have been done on these materials. 

Design concepts f o r  supports of s h e l t e r s  using s u l f u r  and o the r  mater ia ls  
were formulated. Coarse double graded s u l f u r - b a s a l t  aggregate concrete 
could be used t o  make high s t r eng th  bui lding blocks f o r  construct ion of 
e i t h e r  supports o r  s h e l t e r s .  The blocks can be cemented together w i t h  a 
coat ing of s u l f u r .  F ine -pa r t i c l e  b a s a l t  and s u l f u r  grouts  could be ex- 
truded i n t o  a form t o  fu rn i sh  supports o r  any shaped s t r u c t u r e ,  The s u l -  
f u r  materials should be sealed in s ide  and out w i t h  a nonsublimating m a -  
t e r i a l .  However, i f  the temperature a few f e e t  below the  lunar surface 
i s  below -3OU C as expected, the outs ide of a buried s h e l t e r  would not 
have t o  be sealed as sublimation r a t e s  of s u l f u r  a r e  i n s i g n i f i c a n t l y  
low a t  t h i s  temperature 

A model mechanical device w a s  designed and f ab r i ca t ed  t o  t es t  i n j e c t i o n  
of s u l f u r  grout  i n t o  an  aggregate by means of a i r  pressure.  The device 
w a s  completely heated while i n  use t o  maintain the surface grout  i n  a 
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f l u i d  s t a t e .  The f i r s t  experiments were made w i t h  s u l f u r  a lone ,  It i s  
t r ans fe r r ed  e a s i l y  under pressures of 2 p s i  o r  more, and r e a d i l y  pene- 
t r a t e d  aggregate of minus 30 t o  p lus  50 mesh a t  room temperature, To 
penetrate  aggregates less than 50 mesh i t  w a s  necessary t o  e l eva te  the 
temperature of the  aggregate above room temperature; a t  1508 F minus 
100 plus  200 mesh aggregate w a s  penetrated.  Some d i f f i c u l t y  was ex- 
perienced i n  t r a n s f e r r i n g  s u l f u r  w i t h  aggregate par t ic les  of any s i z e .  
The material tends t o  segregate ,  w i t h  the l a r g e r  p a r t i c l e s  s e t t l i n g  out.  

To study the e f f e c t  of  p a r t i c l e  shapes on compressive s t r eng th  i n  su l fu r -  
aggregate mixtures, cyl inders  were poured comparing round and crushed 
b a s a l t  aggregate p a r t i c l e s  of the same gradation. There w a s  very l i t t l e  
d i f f e rence  i n  the unconfined compressive s t r eng ths .  Round p a r t i c l e s  of 
b a s a l t  a r e  very hard t o  f i n d  i n  a n a t u r a l  s ta te .  The p a r t i c l e s  used 
came from the area of the  Coulee Dam and the Grande Rounde River i n  
Washington. 

S t a tus  of Manuscripts 

Strengths  of Sulfur-Basal t  Concrete, by Lester  J. Crow and Robert C ,  
Bates, i s  being prepared as a Bureau of Mines Report of Inves t iga t ions ,  
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Donald Go Kesterke, Project Coordinator 
Reno Metallurgy Research Center 
Reno, Nevada 
June 1966 To be completed: May 1970 

Donald G. Kesterke, Metallurgist 
Freddy B. Holloway, Physical Science Technician 

PROGRESS REPORT 

Ob j ec t ive 

is to determine the feasibility of  electrowinning elemen- - 

tal oxygen from silicate rocks, as one phase of multidisciplinary efforts 
to develop basic knowledge for using lunar mineral resources in support 
of space missions, 

Summary 

A cell and insulation system was constructed of refractory materials 
which are inert to free oxygen at elevated temperatures. The design 
incorporated a hot-pressed boron nitride crucible, with heat furnished 
by silicon carbide resistors. Thermal insulation around the cell con- 
sisted of alumina, boron nitride powder, and conventional firebrick. 

Evaluation of various refractory materials for use as electrodes showed 
that iridium exhibited the best corrosion resistance of all materials in- 
vestigated for use as an anode. Silicon carbide proved to be a satisfac- 
tory cathode material. 

Electrolysis conducted at 1,150° to 1,200" C in a bath composed, in 
weight-percent, of 69.4 BaF2, 5.6 LiF, and 25.0 basalt-plus-sinter 
yielded up to 5.0 volume-percent oxygen in the cell gases. Subsequent 
experiments were conducted in the same temperature range, using a bath 
in which the silicate content was increased to 35.0 weight-percent. 
However, no improvement in cell performance was achieved, and fuming 
was excessive., Improved results and decreased fuming were attained 
using baths composed of 48.5 weight-percent BaF2, 16.5 weight-percent 
LiF, and 35,O weight-percent basalt-plus-sinter. The higher LiF con- 
tent permitted electrolysis at lower temperatures, with no significant 
change in the voltage-amperage characteristics. Experiments were con- 
ducted at 1,050° to l,lOOQ C using anodes having an immersed surface 
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a r e a  of  about 0.85 sq in .  E l e c t r o l y s i s  cu r ren t  was 40 t o  50 amperes, 
and the voltage was 1 7  t o  19. Oxygen contents  over the  c e l l  of about 
7 percent were a t t a i n e d ,  E l e c t r o l y s i s  a t  the same temperature, using 
anodes w i t h  double the surface a rea ,  r e s u l t e d  i n  more than 10 volume- 
percent oxygen i n  the c e l l  gases.  

Progress During the Fourth Quarter 

Objectives f o r  the qua r t e r  were t o  continue experiments t o  electrowin 
elemental oxygen from s i l i c a t e - b e a r i n g  mixtures, E m p 5 a s i s  w a s  d i r ec t ed  
toward el iminat ing the  adverse e f f e c t  on c e l l  performance due t o  i n t e r -  
ference between the cathode deposi t  and anode. 

Inves t iga t ions  were continued t o  electrowin oxygen from a mixture com- 
posed of 48.5 weight-percent BaF,, 16.5 weight-percent LiF, and 35.0 
weight-percent basa l t -p lus - s in t e r .  E l e c t r o l y s i s  w a s  conducted a t  1,050" 
t o  1,150" @, using 50 t o  40 amperes and 19 v o l t s .  I n  some experiments, 
30 to  40 de ampere-hours were applied t o  the  c e l l  without i n t e r rup t ion ,  
Oxygen contents  i n  the  c e l l  gas as high as 12.3 volume-percent were 
achieved; however, the cathode deposi t  o f t e n  grew so la rge  t h a t  contact  
between i t  and the anode occurred. This  caused embrittlement of the 
ir idium and anode l o s s  rates which sometimes exceeded 100 mg per ampere 
hour. Because of  t he  small s i z e  of the e l e c t r o l y t i c  c e l l ,  t he re  i s  no 
pract ical  way of removing the depos i t ,  o ther  than by replacing the cath- 
ode. To ensure tha t  s h o r t  c i r c u i t i n g  would no t  occur, e l e c t r o l y s i s  w a s  
l imited t o  18 t o  20 ampere-hours per cathode. E l e c t r o l y s i s  w a s  then 
stopped, and the cathode w a s  replaced w i t h  a new one, Using t h i s  pro- 
cedure, an oxygen content of almost 14 volume-percent w a s  achieved i n  
two experiments, and more than 11 percent w a s  a t t a i n e d  i n  seve ra l  other  
experiments. Typical anode loss  r a t e s  during these e l e c t r o l y s e s  were 
25 t o  35 mg per ampere hour, 

The inves t iga t ions  w i l l  be extended during the coming f i s c a l  year t o  
include design and operat ion of a l a r g e r  c e l l  which w i l l  permit eval-  
uat ion of the problems and p o t e n t i a l  f o r  p r a c t i c a l  app l i ca t ion  of the 
electrowinning technique e 

S t a t u s  of Manuscripts 

Electrowinning of Oxygen from S i l i c a t e  Rocks, by Donald G o  Kesterke, 
w a s  presented a t  the Seventh Annual Meeting of the Working Group cn 
E x t r a t e r r e s t r i a l  Resources i n  Denver i n  June. 
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PRQGRES S RE PORT 

The objec t ive  i s  t o  determine the  optimum reac t ion  r a t e  c r i t e r i a  fo r  
ex t r ac t ing  oxygen from poss ib le  lunar ma te r i a l s  i n  a simulated lunar 
enviro-ment,  The major emphasis of t h i s  research i s  t o  determine the 
k i n e t i c s  and mechanism of the  carbothermal reduct ion of s i l i c e o u s  ma- 
t e r i a l s  i n  a high temperature vacuum furnace.  

The ex t r ac t ion  of oxygen from poss ib le  lunar raw mater ia l s  i s  of prime 
concern t o  the Nation's space program f o r  generat ing rocket  f u e l  and 
e s t ab l i sh ing  l i f e  surv iva l  s t a t i o n s  on e x t r a t e r r e s t r i a l  bodies ,  Atten- 
t i o n  i s  focused here  on gasifying s i l i c a t e  oxygen i n  the  form of CO 
which can then be processed v i a  CQ, and photosynthesis t o  molecular ox- 
ygen. I n  me ta l lu rg ica l  p r a c t i c e ,  s i l i c o n  carbide i s  a l s o  made by r eae t -  
ing s i l i c a  with carbon a t  a temperature above 1,500" C. The same reac-  
t i o n  under varying condi t ions can be made t o  prepare s i l i c o n  metal and 
f e r r o s i l i c o n .  The carbon-s i l ica  r eac t ion  i s  a l s o  important i n  i r o n  and 
steelmaking a s  an optimum s i l i c o n  content i n  p ig  i r o n  promotes the re- 
moval of su l fu r .  

The k i n e t i c s  and mechanism of oxide reduct ion by s o l i d  reductants  have 
received l i t t l e  a t t e n t i o n  compared t o  gaseous reductants  because of the 
g rea t e r  d i f f i c u l t i e s  encountered i n  s o l i d / s o l i d  in t e rac t ions ,  Analyses 
of heterogeneous so l id  r eac t ions  a r e  fu r the r  complicated when gaseous 
products a re  formed which could r e a c t  with the  r eac t an t s .  I n  t h i s  in -  
ves t iga t ion ,  t h e  p o s s i b i l i t y  of gaseous s i d e  r eac t ions  was reduced by 
studying the r eac t ion  i n  vacuum. 

Resul ts  showed carbothermal r e d u c i b i l i t y  of s i l i c e o u s  minerals was cor-  
r e l a t e d  more with the  chemical c o n s t i t u t i o n  than w i t h  the  mineral  s t ruc -  
t u r e ,  The r e d u c i b i l i t y  of aluminum, calcium, and magnesium s i l i c a t e s  
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increased with t h e i r  s i l i c o n  dioxide content ,  provided the minerals re- 
main i n  the  so l id  s t a t e  a t  the reac t ion  temperature. Aluminum sil icates 
r i c h  i n  a l k a l i  l i q u i f y  a t  1,400" C and hence reduced less r ead i ly .  Re- 
d u c i b i l i t y  of l i qu id  sodium-aluminum s i l i c a t e s  exhibited a systematic 
increase with sodium content.  Reducibi l i ty  ( a t  1,400" C) of so l id  s i l i -  
ca t e s  appeared to  decrease inversely,  no t  only with the melting point  of 
the component oxides,  but  a l s o  with the melting point  of the mineral, 

Mixed s i l i ceous  minerals (igneous rocks) reduced more r e a d i l y  i f  the s i l -  
i c a t e  remained i n  the  so l id  s t a t e  a t  1,400" 6. Reducibi l i ty  of 10 simu- 
la ted  lunar rocks exhibi ted a systematic increase w i t h  the  i ron  oxide con- 
t e n t .  I ron  s i l i c a t e  w a s  r e a d i l y  reduced a t  temperatures as  low as  1,200" C .  
It was concluded t h a t  the r e d u c i b i l i t y  of iron-containing minerals o r  rocks 
can be cor re la ted  with t h e i r  i ron  oxide concentration and t h a t  s i l i c a  con- 
t e n t  i s  of secondary importance. Alka l i  metal oxide a t  concentrations 
g rea t e r  than 1. percent i n  minerals o r  rocks r e t a rd  the SiO,  reduction re- 
ac t ion ,  

The r a t e  of carbothermal reduction of s i l i c a  i s  very s e n s i t i v e  t o  the  fur -  
nace pressure,  being 30 t i m e s  f a s t e r  a t  t o r r  than a t  0.25 t o r r ,  A t  
pressures  less than lo-" t o r r ,  the reac t ion  s t a r t s  by an i n i t i a l  s luggish 
period and a f t e r  1 hour a t  1,450' C y  an acce lera t ing  period develops. This 
induction acce lera t ing  phenomenon has been t e n t a t i v e l y  explained by germi- 
na t ion  of surface nuc le i  and t h e i r  two-dimensional growth. 

The e f f e c t  of small amounts of oxide impuri t ies  on the carbothermal re- 
d u c i b i l i t y  of 70/100 mesh s i l i c a  ge l  was studied. With 5-percent lime 
t h e  r e s u l t s  were compared t o  those previously obtained with 70/100 agglom- 
erated s i l i c a  p e l l e t s  and 70/100 mesh s i l i c a  p a r t i c l e s .  It is  evident 
from f igu re  1 t h a t  s i l i c a  p e l l e t s  had the highest  a c t i v i t y  i n  carbothermal 
r educ ib i l i t y .  This may be due t o  the more uniform d i s t r i b u t i o n  of powdered 
CaO i n  p e l l e t i z e d  s i l i c a  a s  compared with CaO impregnated s i l i c a  o r  s i l ica  
g e l  p a r t i c l e s .  The e f f e c t  of lime concentration on the carbothermal reduc- 
i b i l i t y  of s i l i c a  ge l  a t  1,400" C i s  shown i n  f igu re  2.  Curves and 5 
show the b e n e f i c i a l  e f f e c t  of 0.5 and 5-percent Ca0, respec t ive ly ,  on in- 
creasing the reduct ion r a t e  of lime-impregnated s i l i c a  a s  compared t o  the  
blank of pure s i l i c a  given i n  curve 2. 

The e f f e c t  of small addi t ions of a l k a l i n e  e a r t h  metal oxides,  other than 
CaO, as well  a s  those of the a l k a l i  metals w a s  studied during t h e  quarter  
and the  r e s u l t s  are shown i n  f igu re  3 .  Curves by 2, A, 2, f. and g repre- 
s en t  the k i n e t i c  carbothermic reduct ion of s i l i c a  ge l  a t  1,400" C i n  pres- 
ence of 5-percent MgO, C a O ,  SrO, BaO,  N+O,  and Al,O,, respect ively.  A l -  
though no s p e c i f i c  c o r r e l a t i o n s  can be made within the same group in  the 
per iodic  t ab le ,  i t  can be concluded t h a t  a l k a l i n e  ea r th  metals promote the 
carbothermal r e d u c i b i l i t y  of s i l i c a  while t h e  a l k a l i  metals r e t a rd  it. 
This can be e a s i l y  a t t e s t e d  t o  from the dura t ion  of the induction period, 
which was decreased from 480 minutes with pure s i l i c a  g e l  t o  75, 95, 210, 
295, and 385 minutes i n  the presence of 5-percent CaO,  BaO, MgO, Al,O,, 
and SrO,  respec t ive ly .  The induction t i m e  i n  presence of a l k a l i  metals 
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was so  l a rge  t h a t  i t  cannot be measured wi th in  the  usua l  experimental t i m e .  
I n  cases  i n  which the acce lera tory  period w a s  determined, i t s  s lope w a s  
approximately the same i n  presence of impur i t ies  a s  i n  t h e i r  absence. Thus 
i t  appears t h a t  t he  impurity e f f e c t  on s i l i c a  reduct ion  i s  l imi ted  t o  i t s  
inf luence on the  i n i t % a l  number of germ nuc le i  bu t  not on t h e i r  r a t e  of 
propagation and growth. 
the  melting poin ts  expected on mixing with the  impurity,  the  d i f f i c u l t y  of 
obtaining s i g n i f i c a n t  c o r r e l a t i o n s  with the  physical  parameters of the  ad- 
d i t i v e  becomes apparent.  The r e s u l t s  of previous research i n  t h i s  p ro jec t  
ind ica ted  t h a t  the  r e d u c i b i l i t y  of s i l i c a t e s  decreases  inverse ly ,  no t  only 
with the melting po in t  of bas ic  oxide cons t i t uen t s  of the  s i l i c a t e ,  but  
a l s o  with the  melt ing poin t  of the  mineral ,  
i c a t e s  t h a t  m e l t  a t  the  reduct ion temperature r e a c t  slower with graphi te  
when compared with s i l i c a t e s  t h a t  r e t a i n  t h e i r  s o l i d  s t a t e  of aggregation. 

When t h i s  e f f e c t  i s  superimposed on the  changes of 

It was a l s o  reported t h a t  s i l -  

The opposing e f f e c t s  of s t r u c t u r a l  promotion versus  lowering of the  melt- 
ing poin t  a r e  exemplified by a s tudy of the e f f e c t  of sodium oxide concen- 
t r a t i o n  on &he carbothermal reduct ion of s i l i c a .  The reduct ion curve of 
s i l i c a  g e l  a t  1,400" C i n  presence of 0.5 and 5-percent sodium oxide a r e  
shown i n  curves Thus, while 5-percent Na,O r e t a r d s  
the  reduct ion  because of i t s  e f f e c t  on lowering the  melting poin t  of s i l -  
i c a ,  smaller  amounts of t h a t  add i t ive  t h a t  do not  s i g n i f i c a n t l y  lower the  
melting poin t  w i l l  be ab le  t o  expound t h e i r  s t r u c t u r a l  promoting e f f e c t .  
Hence the  presence of 0.5-percent N + O  promotes the  s i l i c a  reduct ion r e -  
ac t ion .  
t o  be the most e f f i c i e n t  promoter i n  the  a l k a l i n e  e a r t h  oxides,  I ts  low 
atomic volume, on the  other  hand, tends t o  n u l l i f y  t h i s  e f f e c t  by making 
it i n f e r i o r  t o  o ther  more voluminous ions ,  such a s  calcium, strontium, 
and barium i n  i t s  s t r u c t u r a l  promotion. 
t o  top  the  l i s t  i n  s t r u c t u r a l  promotion, y e t  t he  increased b a s i c i t y  of 
t h e i r  oxides tends t o  make them f l u x  e a s i l y  with s i l i c a ,  and hence unde- 
s i r a b l y  lower the  melting poin t .  A s t r i k i n g  balance of these  opposing 
e f f e c t s  appears t o  be reached i n  the case of CaO. The atomic volume of 
calcium i s  l a rge  enough, and the  melting poin t  of i t s  oxide i s  high enough 
so a s  t o  render lime the most e f f i c i e n t  promoter f o r  t h e  carbothermal re- 
duct ion of s i l i c a .  

and 5 of f i g u r e  4.  

Based on the  melting poin t  e f f e c t  a lone,  MgO would be expected 

Strontium and barium a r e  expected 

The k i n e t i c s  of reduct ion of s i l i c a  g e l  with graphi te  was s tudied with 
var ious weights of t he  r e a c t a n t s  and a t  a s e r i e s  of temperatures.  An 
Ainsworth recording e lec t roba lance  was used t o  follow the  weight of Ehe 
sample a s  the  r eac t ion  progresses.  With l a rge r  sample s i z e ,  the volume 
of carbon monoxide produced was so l a r g e  t h a t  the pumping r a t e  was no t  
s u f f i c i e n t  t o  maintain the  des i red  vacuum i n  the  furnace.  Pumping r a t e  
cont ro l  of the  k i n e t i c s  was overcome by reducing the  sample s i z e .  It w a s  
found t h a t  s u f f i c i e n t  r ep roduc ib i l i t y  was obtained with sample s i z e s  be- 
tween 0.60 and 7.2 grams. 
determined with a 0.90-gram sample of 5 t o  1 s i l i c a  g e l  t o  graphi te  
weight r a t i o  and the  da t a  a r e  recorded i n  t a b l e  1 a s  percent  weight-loss 
versus  time i n  the  f i r s t  two columns. Previous inves t iga t ions  showed 

The k i n e t i c  curve a t  1,460' C was c a r e f u l l y  
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TABLE 1. - Carbothermal reduct ion  d a t a  f o r  0.9-gram sample 

9" i m e  
min , 
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t h a t  the  carbothermal reduct ion  of s i l i c a  a t  1,4008 C followed a t h i r d  
order  power law with r e spec t  t o  t i m e  f o r  the  f i r s t  15 percent of the  
reac t ion .  L a s t  qua r t e r  a k i n e t i c  equat ion based on the  l a t e r a l  growth 
of germ nuc le i  w a s  der ived.  The t e r m  germ nuc le i  r e f e r s  t o  a number of 
unique po in t s  with h ighly  loca l i zed  a c t i v i t y  which can germinate i n  a 
c r y s t a l l i n e  specimen. These nuc le i  are s i t u a t e d  a t  regions of d i so rde r ,  
such a s  the  poin ts  of emergence of d i s loca t ions ,  a t  vacancy, i n t e r s t f -  
t i a l  or  impurity c l u s t e r s .  The derived k i n e t i c  equation can be approx- 
imated f o r  very small r e a c t i o n  t i m e s ,  t ,  t o  

y s No k3t3 

where y i s  the  f r a c t i o n a l  r eac t ion ,  s i s  a shape f a c t o r  def in ing  the  
number of s i tes  pe r  u n i t  a r ea  a t  which a new atom can be added t o  a 
nucleus,  No i s  the  t o t a l  number of the i n i t i a l  g e m  nuc le i ,  and k is the 
ra te -cons tan t  f o r  the r a d i a l  growth of the  nuc le i .  

I n  order  t o  tes t  %he v a l i d i t y  of the  proposed k i n e t i c  equat ion and the  
mechanism upon which i t  i s  based, the  experimental  da t a  i n  t a b l e  l were 
analyzed i n  terms of t h i s  equation. To perform t h i s  a n a l y s i s ,  the  va l -  
ues of the  parameters s ,  N, and k must be r e t r i eved  by some semb- 
independent methods. One easy way of l i n e a r i z i n g  the  reduct ion curve 
i n  i t s  i n i t i a l  segments i s  obtained by p l o t t i n g  y aga ins t  the  cube of 
the  elapsed time. This p l o t  f o r  the  reduct ion of s i l i c a  g e l  a t  1,460" C 
i s  shown i n  f i g u r e  5. The s lope  of t he  i n i t i a l  s i g n i f i c a n t l y  l i n e a r  
segments of t h a t  curve i s  estimated t o  be 1.675 x 
according t o  equat ion (1) should be the  value of s No k3. 
means of es t imat ing  these  parameters s epa ra t e ly ,  except f o r  s ,  which 
i s  expected t o  be 4 n / 3  f o r  sphe r i ca l  nuc le i ,  8 f o r  cubica l  nuc le i ,  and 
4 f o r  compact two-dimensional nuc le i .  The method of t r i a l  and e r r o r  
was used t o  apport ion the  s lope value of 1.675 x lo'* among the  two 
q u a n t i t i e s  s N, and k3. 
of s No = 0,0327 and k = 8 x lom3 min"' gave reasonable agreement be- 
tween theory and experiment. Based on these  two parameters, values  of 
the  func t ions  cp (t> = s No k2 t2  ( 1  - e-kt) and y / ( l  - y)  were ca lcu la ted  
and a r e  given i n  the  t h i r d  and fou r th  columns of t a b l e  1, When y / ( l  - y) 
w a s  p lo t t ed  aga ins t  c p ( t ) ,  a reasonably s t r a i g h t  l i n e ,  shown i n  curve 
of f igu re  6 ,  was obtained. The o r i g i n a l  reduct ion  curve with i t s  s i g -  
moidal shape i s  shown a s  curve 2 i n  the  same f igu re .  The empir ical  k i -  
n e t i c  law f o r  t he  carbothermal reduct ion of s i l i c a  appears,  t he re fo re ,  
t o  be of the  form 

min-3, which 
W e  have no 

Preliminary t r i a l s  showed t h a t  the  assignments 

where a i s  a cons tan t  determining the  s lope of l i n e  i n  f i g u r e  6 ,  I n  
order  t o  der ive  a mathematical expression cons i s t en t  with equat ion (29, 
some mechanistic assumptions must be made. Thus, if No germ nuc le i  a r e  
ava i l ab le  f o r  a c t i v a t i o n  a t  t he  s t a r t  of the  reac t ion ,  the  number of 
nuc le i  a t  t i m e  t w i l l  be given by 
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where Nt i s  the  number of r eac t ion  nue le i  present  a t  t i m e  t. Assuming 
compact o r  two-dimensional nuc le i  on the  r eac t ion  i n t e r f a c e ,  t he  func- 
t i o n a l  r e l a t ionsh ip  f o r  the  growth of nuc le i  a t  t i m e  t w i l l  be of t he  
form s N t  k a t a 0  The f r a c t i o n a l  r eac t ion ,  y ,  w i l l  therefore  be given 
by 

y = s N t  k2ta 

= s No kat2 ( 1  - e-k t I0  ( 4 )  

The r a t e  of carbothermal reduct ion a t  time t w i l l  be given by 

dy/dt  = 2 s  No k 2 t  (1 - e-kt) + s No k3t2 e-kto (5) 

For a random d i s t r i b u t i o n  of nuc le i ,  t he  e f f e c t i v e  a rea  i s  assumed t o  
be a f r a c t i o n  (1 - y)' of t h e  t o t a l  a r ea ,  The s igni f icance  of t h i s  
assumption i n  e luc ida t ing  the  r eac t ion  mechanism i s  t h a t  the  r eac t ion  
nuc le i  appear to germinate on both s ides  of t he  reac t ion  in t e r f ace ;  
i . e . ,  on the s i l i c a  as well  a s  the  graphi te  planes.  Were the  nuc le i  
t o  grow on one surface only,  then the  e f f e c t i v e  nuc lea t ion  a rea  w i l l  
be a f r a c t i o n  (1 - y) of the t o t a l  area.  Allowing f o r  t h i s  nuc le i  i n -  
t e rpene t r a t ion ,  the  rate of r eac t ion  w i l l  be given by 

dy/dt  = s No k3ta ( 1  - Y ) ~  e-kt + 2 s  No k a t  (1 - (1 - e-kt) .  (6) 

Replacing the parameter k t  by T to f a c i l i t a t e  i n t eg ra t ion ,  and l e t t i n g  
s No = m y  then 

d y / ( l  - y)' = mT2 e-7 d 7  + 2m T d7 - 2m 7 e"T dT. (7) 

In t eg ra t ing  equat ion (7) , one obta ins  

= s No kat2 [l - e-kt] + I ( 8 )  

where I i s  the constant  of i n t eg ra t ion .  
I = 1. 
becomes 

When t = 0, y = 0, and hence 
With t h i s  i n i t i a l  condi t ion f u l f i l l e d ,  the  k i n e t i c  equation 

1 / ( 1  - y) - 1 = y / ( l  - y) = s No kata [l - (9) 

Equation (9) p red ic t s  t h a t  the p l o t  of y / ( l -  y) aga ins t  v ( t )  should 
give a s t r a i g h t  l i n e .  This i s  supported by curve of f i g u r e  6 which 
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follows a straight line up to about 70 percent reduction (560 min). De- 
viation from any kinetic equation is expected at very high reaction per- 
cents when the reactants are nearly consumed and the model of contacting 
spheres, where the reaction occurs at sites on the interparticle contacts, 
is no longer valid. The linear form of the kinetic data up to these high 
percents of reaction can be considered as a proof of the suggested carbo- 
thermal reduction mechanism. 

Expanding the exponential term in the right-hand side of equation (9) 
yields 

y/(l - y) = s No kata [l - 1 + kt - k2ta/2 + 

For small values of the product kt, that is for small reaction times and/or 
lower temperatures where the rate of nucleation, k, is small, the right- 
hand side of equation (10) reduces to s No k3t3- Remembering that under 
these limiting conditions, y is also small and can be neglected relative 
to unity, then equation (10) will reduce to the cubic law given by equation 
(1) except for the proportionality constant Q. 

Status of Manuscripts 

The Effect of Physical Parameters on the Reaction of Graphite with Silica 
in Vacuum, by L. A. Haas and S. E. Khalafalla, was published as Bureau of 
Mines Report of Investigations 7207 in December. 

Carbothermal Reduction of Solid and Liquid Siliceous Minerals in Vacuum, 
by S. E. Khalgkalla and L. A. Haas, was presented at the Annual Meeting 
of AIME in Washington, D. C. in February and is being prepared for jour- 
nal publication. 
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PROGRESS REPORT 

Ob-je c t ive 

The objective of this project is to investigate by differential thermal 
analysis (DTA) and thermogravimetric analysis (TGA) the stability of 
some silicate and oxide minerals in air and under high vacuum at elevat- 
ed temperatures. The determination of the energies required to dissoci- 
ate oxide and silicate minerals and recover oxygen and water is the long- 
range objective. 

Summary 

One of the principal uncertainties in the composition of the lunar sur- 
face arises from lack of knowledge of the stability of minerals in the 
lunar environment. Accordingly, to design methods of processing lunar 
rocks to recover their useful components, the problem of elevated tem- 
perature stability under vacuum of hydrous silicates and oxide-bearing 
silicates must be solved. To assist in establishing solutions to these 
problems, high temperature, high vacuum DTA and TGA determinations were 
made on oxygen-containing and hydrous silicates to establish (1) their 
probable stability on the lunar surface, and (2) the thermal energy 
necessary to remove the oxygen or water from common rock-forming miner- 
a ls  by thermal decomposition. 
of removal of oxygen and/or water and delineates the conditions under 
which removal may be accomplished by thermal dissociation in a high 
vacuum environment e 

This research provides data on the rate 

Minerals of four groups - zeolites, epidotes, bauxites, and amphiboles - 
and several miscellaneous minerals were obtained, purified, and used in 
thermal analyses. Of these only those in the epidote and amphibole 
groups have been found to be compatible with differential thermal anal- 
yses in vacuum. 

A platinum calorimeter was installed. Improvements in circuit design 
have reduced noise and made it possible to use the platinum calorimeter 
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i n  vacuum as  w e l l  a s  a i r .  The X-Y recorder  used previously has been 
replaced with an X-X-T recorder  which i s  being used f o r  a l l  quant i ta -  
t i v e  d i f f e r e n t i a l  analyses.  A source of bucking p o t e n t i a l  has been 
i n s t a l l e d  i n  the  temperature measuring c i r c u i t  of the DTA equipment 
so t h a t  higher temperatures can be recorded. 
rate of the samples showed t h a t  the  hea t ing  rate over the  temperature 
range of i n t e r e s t  i s  11.2 rt 0.4" C minute. 

Tests of t he  heat ing 

A series of runs w e r e  made on the epidote  and amphibole minerals i n  
a i r  and i n  a vacuum of IT5 t o r r ,  
weighed before and a f t e r  the  run and both series of runs were bracketed 
with c a l i b r a t i o n  runs.  From the da t a ,  the weight l o s s  and the  energy 
of decomposition i n  a i r  and i n  vacuum were obtained, The r e s u l t s  show 
there  i s  a small decrease of energy required fo r  decomposition i n  vac- 
uum. Comparison of the  weight-loss da ta  with t h e  r e s u l t s  of TGA shows 
t h a t  t he  t o t a l  weight loss  i n  a i r  i s  the  same as  obtained i n  vacuum 
except f o r  the amphibole minerals which showed a s l i g h t l y  l a rge r  weight 
l o s s  i n  vacuum, l a r g e l y  due t o  l o s s  of sample during decomposition, 

The sample used i n  each run was 

D i f f e r e n t i a l  thermal analyses were made on epidote ,  z o i s i t e ,  t remol i te ,  
and a c t i n o l i t e  i n  a i r  and i n  a vacuum of lom5 t o r r ,  Cal ibra t ion  runs 
w e r e  made before and a f t e r  t he  minerals were run i n  a i r  and then again 
before and a f t e r  the minerals were run i n  vacuum. The average of the  
two values  f o r  each s e r i e s  of runs was used t o  ca l cu la t e  the hea t  of 
decomposition f o r  the minerals under the two experimental condi t ions.  
The values obtained a r e  given i n  t ab le  1. The da ta  show t h a t  there  i s  
a small decrease of hea t  of decomposition i n  a vacuum environment. 

TABLE 1. - 
i n  a i r  and vacuum 

Epidote 
Z o i s i t e  
Ac t ino l i t e  
Tremolite 

32.3 
32.5 
31-0 
32, l 

31.6 
30,7 
30.0 
31.2 

The c h a r a c t e r i s t i e  DTA temperaturesfor decomposition i n  a i r  and vac- 
uum were determined from the thermographs f o r  the four  minerals,  
These a r e  compared i n  t ab le  2, The temperatures fo r  the  s t a r t  of de- 
composition, the  departure  temperatures, a r e  lower i n  vacuum than i n  
a i r  f o r  the  minerals z o i s i t e  and t remol i te ,  but t he  departure  tempera- 
tu res  f o r  epidote  and a c t i n o l i t e  a r e  the same i n  a i r  a s  i n  vacuum., 
The minerals which show a decrease of i n i t i a t i o n  temperature i n  vacuum 
a r e  the ones which a r e  end members of t h e i r  group and do not  contain 
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iron. 
uum except for the mineral actinolite. 
decreased to any extent by decomposition in vacuum. 

The intercept temperatures are lowered by decomposition in vac- 
The peak temperatures are not 

TABLE 2. .., Decomposition temperature of minerals 
in air and vacuum 

Mineral 

Epidote 
Epidote 
Zoisite 
Zoisite 
Actinolite 
Actinolite 
Tremolite 
TremoP ite 

C ond i t ion 

Air 
Vacuum 
Air 
Vacuum 
Air 
Vacuum 
Air 
Vacuum 

The sample weight before and after each DTA run was determined and 
from these data the weight losses were calculated. Thermogravcmetric 
analyses (TGA) were run on the four minerals in air. The weight losses 
determined for the various experimental conditions are listed in table 
3 .  The weight losses for epidote and zois i te  are in agreement for the 
three methods but actinolite and tremolite show larger welght losses in 
vacuum than in airD The increase in weight loss  in vacuum shown for 
actinolite and tremolite is due to a small loss of sample during decom- 
posit ion. 

TABLE 3 .  - Weight loss of minerals in air and vacuum 

Act inol ite 

Status of Manu,scripts 

A report summarizing the work is being prepared for presentation at 
the Western Regional Meeting of the American Ceramic Society at 
Seattle, Washington, October 15-17, 1969, and for publication as a 
Bureau of Mines Report of Investigations. 
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PROGRESS REPORT 

Objective 

The objec t ive  i s  t o  study adsorpt ion and contac t  e l e c t r i f i c a t i o n  i n  a 
vacuum and determine t h e i r  e f f e c t  on the  s e p a r a b i l i t y  of nonconducting 
minerals 

Summary 

Under a very high vacuum of 1V8 t o r r  and i n  the p a r t i c l e  s i z e  range 
of 104 t o  420 microns, s u i t a b l e  f o r  the  e l e c t r o s t a t i c  and magnetic 
separa t ion  of o re s ,  there  i s  no adhesion of p a r t i c l e s  produced by 
crushing and gr inding due t o  the  l imited contac t  a r ea ,  and f o r  re -  
peated con tac t s ,  a rea  s i z e  has a frequency of occurrence i n  agreement 
with the normal law. A t  a temperature of 102" C ,  the  maximum of the 
lunar environment, contact  e l e c t r i f i c a t i o n  i s  r eve r s ib l e  upon r e t u r n  
t o  atmosphere. Vacuum operat ion has a number of advantages over oper- 
a t i o n  i n  a i r .  Calculat ions which a r e  described i n  d e t a i l  i n  the manu- 
s c r i p t  being prepared fo r  publ ica t ion  show t h a t  the  lack of a i r  v i s -  
c o s i t y  permits magnetic and e l e c t r o s t a t i c  separa t ion  a t  high feed r a t e s ,  
while the absence of sound transmission r e s u l t s  i n  the  extension of par- 
t i c l e  v ib ra t ion  t o  small s i ze s .  Vibrat ion app l i ca t ions ,  p a r t i c u l a r l y  
with p i ezoe lec t r i c  minerals by electromechanical coupling, provide f o r  
p a r t i c l e  agglomerate d ispers ion ,  removal of surface dus t ,  and p a r t i c l e  
s i z e  reduct ion by f r ac tu re .  The un res t r i c t ed  transmission of e l ec t ro -  
magnetic r a d i a t i o n  and atomic p a r t i c l e s  has fu r the r  advantages. It per- 
m i t s  more extensive appl ica t ion  of the photoe lec t r ic  e f f e c t  t o  mineral 
separa t ion ,  and the  use of e l ec t ron  and ion  deposi t ion f o r  the d isper -  
s ion  of p a r t i c l e  agglomerates and the  e l e c t r o s t a t i c  separa t ion  of con- 
ductors  from nonconductors. 
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The r a t i o  of the p a r t i c l e  v ib ra t ion  energy lost i n  a i r  t o  t he  energy 
s tored  i n  the  p a r t i c l e  was s tudied f u r t h e r ,  r e s u l t i n g  i n  an in tegra ted  
form of the  equation developed i n  the  l a s t  qua r t e r ,  

where W i s  the  energy a f t e r  an e lapse  of time, t, Wo i s  the s tored en- 
ergy a t  zero t i m e ,  z i s  the dimension of a cubica l  p a r t i c l e  r ad ia t ing  
from two faces ,  and p a  and p s  a r e  the  d e n s i t i e s  of a i r  and the  p a r t i c l e ,  
and c i s  the v e l o c i t y  of sound i n  air .  This equat ion provides s imi la r  
but more s t r i k i n g  information, namely, an exponential  increase  i n  energy 
loss i n  a i r  f o r  decreasing p a r t i c l e  diameter,  z .  The la rge  d i f f e rence  
between the a i r  and vacuum response of small p a r t i c l e s  i s  thus emphasized. 

Although app l i ca t ion  of electromechanical coupling t o  the v ib ra t ion  of 
p i ezoe lec t r i c  p a r t i c l e s  may r e s u l t  i n  a narrow frequency range f o r  reson- 
ance, a sweep frequency generator  could be used t o  cover a range of modes 
and p a r t i c l e  diameters.  An inverse e f f e c t  i s  the  electromagnetic rad ia-  
t i o n  generated by the  v ib ra t ing  p a r t i c l e .  

An approximately 1,200 A u l t r a v i o l e t  lamp was constructed f o r  use within 
the  l i m i t e d  confines of the vacuum chamber. Photoconductivity da ta  a r e  
reported i n  the  manuscript. F ina l  work on the  manuscript was completed. 

0 

Sta tus  of Manuscripts 

Factors  Related to Mineral Separat ion i n  a Vacuum, by F. Fraas ,  was com- 
pleted fo r  publ ica t ion  a s  a journal  a r t i c l e .  
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